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FOREWORD 


The work described in this report is a part of the Energy 
Conversion Alternatives Study (ECAS) — a cooperative effort of the 
Energy Research and Development Administration, the National Sci- 
ence Foundation, and the National Aeronautics and Space Administra- 
tion . 


This General Electric contractor report for ECAS Phase I 
is contained in three volumes: 


Volume I - Executive Summary 

Volume II ~ Advanced Energy Conversion Systems 


Part 1 - Open-Cycle Gas Turbines 

Part 2 - Closed Turbine Cycles 

Part 3 - Direct Energy Conversion Cycles 


Volume III - Energy Conversion and Subsystems and Components 


Part 1 - Bottoming Cycles and Materials of Construction 

Part 2 - Primary Heat Input Systems and Heat Exchangers 

Part 3 - Gasification, Process Fuels, and Balance of Plant 


In addition to the principal authors listed, members of the 
technical staffs of the following subcontractor organizations de- 
veloped information for the Phase I data base: 

General Electric Company 

Advanced Energy Programs/Space Systems Department 
Direct Energy Conversion Programs 
Electric Utility Systems Engineering Department 
Gas Turbine Division 

Large Steam Turbine -Generator Department 
Medium Steam Turbine Department 

Projects Engineering Operation/I&SE Engineering Operation 
Space Sciences Laboratory 

Actron, a Division of McDonnell Douglas Corporation 
Argonne National Laboratory 

Avco Everett Research Laboratory, Incorporated 
Bechtel Corporation 
Foster Wheeler Energy Corporation 
Thermo Electron Corporation 

This General Electric contractor report is one of a series 
of three reports discussing ECAS Phase r results. The other two 
reports are the following: Energy Conversion Alternatives Study 

(EGAS), Westinghouse Phase I Final Report {NASA CR-134941) , and 
NASA Report (NASA TMX-71855) . 
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Summary 

ADVANCED ENERGY CONVERSION SYSTEMS 

The objective of Phase I of the Energy Conversion Alternatives 
Study (ECAS) for coal or coal-derived fuels was to develop a 
technical -economic information base on the ten energy conversion 
systems specified for investigation* Over 300 parametric varia- 
tions were studied in an attempt to identify system and cycle 
conditions which indicate the best potential of the energy con- 
version concept. This information base provided a foundation for 
selection of energy conversion systems for more in-depth investi- 
gation in the conceptual design portion of the ECAS study. The 
systems for continued study were specified by the ECAS Interagency 
Steering Committee . 

The technical-economic results include efficiency, capital 
cost and cost of electricity. For reference purposes a steam 
cycle (3500 psi/1000 F/1000 F [2.41 x 10 7 N/m2/Sll K/811 K] ) with 
conventional coal burning furnace, stack gas cleanup and wet 
mechanical draft cooling towers was analyzed with the same analysis 
procedure employed for the advanced systems. This reference steam 
plant had an efficiency of approximately 37 percent. The open- 
cycle MHD system was the only plant to show efficiencies approach- 
ing 50 percent. A group of cycles-advanced steam, supercritical 
CC> 2 , liquid metal topping, and inert gas MHD— were estimated to 
have efficiencies in the 40 to 45 percent range. 

The energy conversion systems with capital costs significantly 
lower than the reference steam plant were those with short con- 
struction times and simple construction, i.e., open-cycle gas 
turbines and low-temperature fuel cells . The more complex plants , 
i.e., open- and closed-cycle MHD and liquid metal topping, re- 
quired longer construction time and were higher in capital cost. 

Efficiency and capital cost are a part of the total technical- 
economic evaluation. The combination of these characteristics with 
the cost of fuel and operation and maintenance costs results in a 
cost of electricity for more complete comparisons. The only sys- 
tems which were consistently lower than the reference steam plant's 
30 mills/kWh at 65 percent capacity factor were the open-cycle gas 
turbine-combined cycle. MHD, supercritical CO 2 , liquid metal top 
topping, and high-temperature fuel cells had a higher cost of elec- 
tricity than the reference steam plant, as did many of the advanced 
steam cases because of their higher capital costs. The low capital 
cost plants— (low-temperature fuel cells and open cycle gas turbine, 
recuperative) utilized clean fuels and consequently had high fuel 
charges. These systems would be more economically applicable to 
peaking or mid-range duty. 



Introduction 

ADVANCED ENERGY CONVERSION SYSTEMS 


Many advanced energy conversion techniques which can use 
coal or coal-derived fuels have been advocated for power genera- 
tion applications. Conversion systems advocated have included 
open- and closed-cycle gas turbine systems {including combined 
gas turbine-steam turbine systems), supercritical CO 2 cycle, 
liquid metal Rankine topping cycles , magnetohydrodynamics (MHD) , 
and fuel cells. Advances have also been proposed for the steam 
systems which now form the backbone of our electric power indus- 
try. These advances include the use of new furnace concepts and 
higher steam turbine inlet temperatures and pressures. Integra- 
tion of a power conversion system with a coal processing plant 
producing a clean low-Btu gas for use in the power plant is still 
another approach advocated for energy conserving, economical pro- 
duction of electric power. Studies of all these energy conver- 
sion techniques have been performed in the past. However, new 
studies performed on a common basis and in light of new national 
goals and current conditions are required to permit an assess- 
ment of the relative merits of these techniques and potential 
benefits to the nation. 


The purpose of this contract is to assist in the development 
of an information base necessary for an assessment of various ad- 
vanced energy conversion systems and for definition of the research 
and development required to bring these systems to fruition. 
Estimates of the performance, economics, natural resource require- 
ments and environmental intrusion characteristics of these systems 
are being made on as comparable and consistent a basis as possible 
leading to an assessment of the commercial acceptability of the 
conversion systems and the research and development required to 
bring the systems to commercial reality. This is being accomplished 
in the following tasks: 


Task I 
Task II 
Task III 


Parametric Analysis (Phase 
Conceptual Designs 
Implementation Assessment 


I) 

| (Phase II) 


This investigation is being conducted under the Energy Con- 
version Alternatives Study (EC£S) under the sponsorship of Energy 
Research and Development Administration (ERDA) , National Science 
Foundation (NSF) , and National Aeronautics and Space Administra- 
tion (NASA) . The control of the program is under the direction 
of an Interagency Steering Committee with participation of the 
supporting agencies. The NASA Lewis Research Center is responsible 
for project management of this study. 

The information presented in this report describes the re- 
sults produced in the Task 1 portion of this study. The emphasis 
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in this task was placed upon developing an information base upon 
which comparisons of Advanced Energy Conversion Techniques using 
coal or coal-derived fuels can be made. The Task I portion of 
the study was directed at a parametric variation of the ten ad- 
vanced energy conversion systems under investigation. The wide- 
ranging parametric study was performed in order to provide data 
for selection by the Interagency Steering Committee of the sys- 
tems and specific configurations most appropriate for Task II and 
III studies. 

The Task II effort will involve a more detailed evaluation of 
seven advanced energy conversion systems and result in a conceptual 
design of the major components and power plant layout. The Task 
III effort will produce the research and development plans which 
would be necessary to bring each of the seven Task II systems to 
a state of commercial reality and then to assess their potential 
for commercial acceptability. 

A prime objective of this study was to produce results which 
had a cycle-to-cycle consistency. In order to accomplish this 
objective and still ensure that each system was properly advo- 
cated, an organization which is or had been a proponent of the 
prime cycle was selected to advocate the energy conversion sys- 
tem and to analyze the performance and economics of the prime 
cycle portion of the energy conversion system, i.e. , the parts 
of the system which were novel or unique to the system. The re- 
maining subsystems, e»g. , fuel processing, furnaces, bottoming 
cycles, balance of plant, were analyzed by technology specialist 
organizations which presently have responsibility for supplying 
these subsystems for utility applications. The final plant con- 
figuration and performance were produced by the General Electric 
Corporate Research and Development study team and this group per- 
formed the critical integration of the final plant concept. This 
methodology was used to provide a system-to-system consistency 
while maintaining the influence of a cycle advocate. 

The ten energy conversion systems under investigation in this 
study are defined and analyzed in this volume of the report. 

These include: 

1. Open-cycle Gas Turbine Recuperative 

- with clean and semi-clean fuels produced from coal 

- with and without organic bottoming cycles 

2. Open-Cycle Gas Turbine 

- with air and water cooling of the gas turbine hot 
gas path 

- with clean and semi -clean fuels from coal and 
integrated low-Btu gasifiers 
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Closed-Cycle Gas Turbine 


- with, helium working fluid 

- with a variety of direct coal and clean fuel furnaces 

- with and without organic and steam bottoming cycles 

4. Supercritical CO 2 Cycle 

- with basic and recompression cycle variations 

- with a variety of direct coal and clean coal-derived 
fuel furnaces 

5. Advanced Steam Cycle 

- with both throttle and/or reheat temperatures greater 
than present practice (1000 F [811 K] ) 

- with a variety of direct coal and clean coal-derived 
fuel furnaces 

6. Liquid Metal Topping Cycle 

- with potassium and cesium as working fluids 

- with a variety of direct coal and clean fuel furnaces 

7 . Open-Cycle MHD 

- with direct coal and semi -clean fuel combustion 

- with standard steam and gas turbine bottoming 

8. Closed-Cycle Inert Gas MHD 

- with parallel and topping configurations 

- with both direct coal and semi-clean fuel utilization 

9. Closed-Cycle Liquid Metal MHD 

- with mixture of liquid sodium and helium as working 
fluids 

- with standard steam bottoming 

- with a variety of direct coal and clean fuel furnaces 

10. Fuel Cells 

- both high and low temperature (less than 300 F [422 K] ) 

- with employment of clean process fuels for low temper- 
ature cells and low-Btu gasification at high tempera- 
ture cells 
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The subsystems which complete the energy conversion system 
are discussed in Volume III of this report. The results as pre' 
seated in the following sections include the total energy con- 
version system. 



2.4 CLOSED-CYCLE GAS TURBINE 


DESCRIPTION OP CYCLE 


The schematic for the closed-cycle gas turbine is presented 
in Figure 2.4-1 with atmospheric fluidized beds (AFB) burning 
coal, capturing sulfur, and heating the helium. The highly effec- 
tive recuperator results in a helium temperature of 875 F (741.5 K) 
entering the AFB. As a result the combustion gases are cooled to 
only 1000 F (811 X) in the AFB, and a high -temperature air pre- 
heater is needed to cool the exhaust to the 730 F (661 K) level 
for electrostatic precipitation of solids. The low- temperature 
air preheater brings the stack gas to 300 F (422 K) to achieve 
minimal stack loss,. The wet cooling towers service the precooler 
where the helium temperature is reduced from 463 F (513 K) to 
80 F (300 K) at the compressor inlet. The compressor inlet flow 
was 1031 lb/s (467.6 kg/s) in every case, and the compressor 
discharge pressure was 1000 psia (6.9 MN/m 2 ) . Blocking helium 
coolant flows were used for the turbine, but the nozzles and 
buckets were not cooled. 

When a bottoming cycle was added, the organic boiler or the 
steam boiler substitutes for a part of the temperature range of 
the recuperator and the precooler. The reduction of heat added 
to the compressed helium from the recuperator results in a lower 
helium temperature entering the AFB. The AFB design for such 
cases was changed to take full advantage of the cooler helium to 
reduce both AFB size and cost. 

In addition to the AFB configuration, the primary heat input 
was also evaluated for a pressurized fluidized bed serviced by a 
gas turbine with an exhaust gas recuperator. Clean gaseous fuels 
were evaluated for use in pressure fired furnaces to heat the 
helium. The pressurizing gas turbines had exhaust heat recovery 
steam generators and a steam turbine. These units were integrated 
with a gasification plant when the clean fuel was low-Btu gas and 
not over-the-fence high-Btu gas. 

ANALYTICAL PROCEDURES AND ASSUMPTIONS 


All helium cycles had a compressor inlet flow of 1031 lb/s 
(467.6 kg/s) of helium? the compressor discharge pressure in every 
case was 1000 psia (6.9 MN/m2) . The overall pressure ratio was 
achieved by variation of the pressure level for the section from 
the turbine outle u to the compressor inlet. Overspeed control 
valves, separate from the combustion system temperature control, 
may be required to allow for sudden load loss. These valves 
would be bypass valves providing a flow path between the compres- 
sor discharge and the turbine exhaust. Control valve leakage 
would be approximately 0.2 percent of total compressor flow. No 
provision was made for this parasitic leakage flow in these evalu- 
ations. 
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Cycle Components 


Compressor . Helium compressors have been designed for use in 
closed- loop helium cycles for the high-temperature gas-cooled re- 
actor (HTGR) with pressure ratios within the range under consid- 
eration. Peak cycle pressures at the compressor discharge are 
1000 psia (6.9 MN/m 2 ) or less. A single polytropic compressor 
efficiency has been assumed for this study. The resulting 
adiabatic efficiency is a function of pressure ratio and is the 
"blading efficiency" measured from the inlet total pressure and 
total temperature ahead of the inlet guide vanes to the total 
temperature and total pressure downstream of the exit guide vanes. 
The compressor discharge diffuser pressure loss was considered 
part of the overall ducting system. Turbine cooling flows are 
bled from the compressor at three interstage locations as well 
as at compressor discharge. The compressor RPM was 3600 for all 
cases; the inlet flow was 1031 Ib/s (467.6 kg/s) and the inlet 
temperature was 80 F (300 K) . 

Turbine . Five-, six-, and seven-stage turbines were required 
for efficient utilization of compressor pressure ratios of 2.0, 

2.5, and 3.0, respectively. Turbine efficiency was calculated 
as the blading total- to-total adiabatic efficiency. Inlet and 
exhaust duct losses are considered part of the piping system 
pressure loss. The assigned turbine stage adiabatic efficiency 
was fixed for the shrouded stages, and set at a slightly reduced 
value for the unshrouded stages. Coolant flows were treated as 
merging with the main helium flow immediately behind the stage 
that the coolant cooled. 

Heat Source . The helium flow through the heat source was 
assigned a pressure loss of 1.5 percent of the absolute pressure 
level. The details of the furnace configurations and the heat- 
ing surface deployment are found in Section 6. 

Recuperator . Although HTGR cycle studies have shown recuper- 
ators of 89.5 percent effectiveness, to date such units have not 
been constructed. A more conservative value of 85 percent effec- 
tiveness was designated for the base case, with variations to 90 
percent and 95 percent for parametric points. The assigned helium 
flow pressure losses were 2 percent on the low-pressure side and 
1 percent on the high-pressure side. The sizing and materials 
selected for the recuperator are detailed in Section 7. 

Precooler . Waste heat is rejected from the cycle to cooling 
water through the precooler. The precooler is a straight- tube, 
axial, counterflow heat exchange!. Heat is transferred from 
helium to water. Helium pressure loss for the precooler was 1 
percent. The precooler and cooling towers can provide for a 
compressor inlet temperature which is 20 F (11.1 K) above the 
ambient air temperature. 
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Gas Properties for Helium . Helium was treated as an ideal 
gas for the pressures and temperatures of this study in accord- 
ance with the properties tabulated in the National Bureau of 
Standards Circular 564* 

Bottoming Cycle Components 

The substitution of steam or organic fluid boilers for parts 
of the recuperator and precooler was deemed to impose the same 
helium flow pressure loss as the unit replaced. The assumptions 
for these cycles have been detailed in Section 7 for their heat 
exchangers and Section 4 for their cycle components and config- 
urations. 

Plow Pressure and Other Losses 

The pressure losses through the connecting ducts and pipe 
work were appraised in detail, with a resulting value of 4.3 per- 
cent for these additional losses. In combination with the losses 
already enumerated, the total helium circuit would have a loss of 
8.733 percent. The result of this loss is that the turbine pres- 
sure ratio for expanding the helium is 91.267 percent of the com- 
pressor pressure ratio. 

The generator was assigned an efficiency appropriate for a 
large hydrogen-cooled machine. The losses were excitation, wind- 
age, bearings, and seals, as well as electrical losses. The me- 
chanical and accessory losses for the turbine and compressors 
were assigned at 0.3 percent of the generator output. 

DESIGN AND COST ANALYSIS 

Materials appropriate for the helium gas turbine are pre- 
sented in Table 2.4-1. 

These materials are all currently in use and would be applied 
within known property limits. The hot gas path parts may have 
coatings or claddings applied to increase their endurance. The 
cost basis for the helium gas turbine was determined by detailed 
consideration of the base case unit* Thereafter differentials 
were determined for the effects of pressure ratio, inlet temper- 
ature, and generator output. Included in the gas turbine unit 
cost was provision for 100 ft (30.5 m) of helium ducting from the 
heat source to the turbine. 

The recuperators were sized using 1-in. diameter tubes of 
stainless steel as described in Section 7. Tube sheets were of 
one-half Chrome, one-half Moly up to 1000 F (811 K) , and were of 
stainless steel above 1000 F„ Recuperator shells were of one- 
half Chrome, one-half Moly to 1000 F; -and of two and one-fourth 
Chrome * one Moly above 1000 F. As a result of these specifica- 
tions there were distinct steps in recuperator cost when turbine 
exhaust exceeded 1000 F. 
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Table 2*4-1 


MATERIAL SELECTIONS FOR HELIUM GAS TURBINE 


Components 

Alloy Selected 

Alternate Alloy 

Turbine 



Buckets 

M-21 LC 

Reng-100, Mo-T2M 

Nozzles 

M-21 LC 

IN- 71 3 LC, MO-T2M 

Wheels 

^N-706 

A- 2 8 6 , M-152 

Casings 

HAST X 


Inlet pipe 

1 IN-713 LC 


Exhaust pipe 

: Cr Mo 

/ 


Compressor 

i 

1 


Rotor blades 

403 SS 


Stator blades 

403 SS 


Wheels 

| 

Ni Cr Mo V 

MS-250 


The organic bottoming design and costs were identical to the 
basis outlined for the recuperative gas turbine bottoming. The 
bottoming steam turbine and its heat recovery steam generator 
(HRSG) were comparable to the prior design basis as described in 
Section 4. The dry cooling tower designs and costs for the helium 
closed-cycle power plants differ from those for other power plants. 
The cooling water from the precooler may be as hot as 340 F (444 IC) , 
in contrast to approximately 120 F (322 K) from other closed- 
cycle plants. 

RESULTS 


The base case results are summarized in detail in Table 
2,4-2. The 300 MW generator output was reduced to 276 MW net 
station output by the auxiliary demands of the furnace, the cool- 
ing towers, and the station services. The resulting overall 
energy efficiency was 29*5 percent. The plant cost in dollars 
per kilowatt is high compared with a steam plant, with major com- 
ponents contributing an appreciable share of the total. The en- 
vironmental intrusions are comparable to other plants with atmos- 
pheric fluidized bed coal combustion. 

The parametric point variables and results are presented in 
Table 2.4-3, with the companion capital cost distributions in 
Table 2.4-4, and the power generation and consumption detailed 
in Table 2.4-5. A single helium gas turbine was the basis for 
all cases except for Cases 9 and 10, with two and four helium 
gas turbines, respectively. These latter cases proved less eco- 
nomic than the base case because of the extension of the site 
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Table 2 . 4-2 


SUMMARY SHEET 

CLOSED-CYCLE GAS TURBINE BASE CASE 

CVCU PA_RAMFUk PIRFORMANCE AM -0>< 


Nel Power Ulajju. auVi 

iV 

Ihermodynamn iittic!enr> perrenli 

36i1 

lurnace and i uai Ijje 

Atmnsptn-irt flunli/ert bed 

nn-werpianr o|n pnrj perr eiO 

29 5 

Hlina:'. to u 

Evcrjl 1 energy efficiency iperrenl 

;q 

Prime Cycle 


p lan1 apital irtit ’i * 

?2*> 

Turbine inlet temperature |0 FI 

1500 

Plani capital cost lilkWel 

814 

Compressor pressure ratio 

2.5 

Cost of electricity t mllls/kWhi 

3EL 3 

Recuperator effectiveness 

0.85 



Recuperator pressu re tlrep (flp/pl 

0.03 

NATURAL RESOURCE? 


Loop Iflptpi 

0.0B733 t 
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compressor Inlet Temperature i°Fi 
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Heat Rejection 
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0 
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0.8 
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1203 
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Bottoming Cycle 


Turbine inlet temperature t°F) 

-- 

- 

- 

- 

- 

- 


1 

- 

- 

- 

KS 

-- 

- 


Superheat to inlet gas temperature 
differential l°F> 

' fc 

- 

" 

•* 

- 

- 



- 

-• 

- 

B 


•* 

- 

Hollar pinch point temperature differential <°F) 
Heat rejection 
T condense t°F) 

- 

-- 

•* 

-- 

-* 

*• 

B 

1 

-- 

** 

-- 

B 

-- 

- 


Actual Powerolant Output IMWe) 

77<, 

275 

276 

T3Z 

709 

T,1 

333 

39fl 

552 

nos 

2>1 

4C3 


mi 

262 

Thermodynamic Elllcloncv fnerccnt) 


36.* 

34,* 

J6.6 

36*4 

36*4 

)h.4 

>6.4 

34,6 

36.4 

34,6 

>n.6 

17,7 

14,1 

15.: 

Powerplant Efficiency (percenll 

79*5 

ZB.1 

20.6 

31. Q 

31.6 

31.5 

2, .2 

31,8 

29.5 

29.6 

27*9 

30. b 


7«.0 


Overall Enemy Efficiency (percent) 

29,5 

2B.1 

23,6 

>1.0 

31,4 

3i. i 

14*7 

31.6 

29.5 

29*6 

27*9 

15,4 

ir.h 

7u,0 

2 P.4 

Coal Consumption (IbftWh) 

U07 

t,7 b 

U» 

1,02 

1*55 

1.21 

2.19 

1.00 

1.07 

1.07 

1.13 

r.i's 

1 ,n 

j,n 

l.n 

Plant Capital Cost ($ million) 

225 

2 26 

226 

507 

575 

515 

152 

>00 

475 

1009 

194 

223 

734 

757 

229 

Plant Capital Cost (WkWel 

Bl4 

829 


6,1 

«d 

660 

414 

733 

059 

9t2 

a J? 

6lq 

K47 

■14 7 

P73 

Cost of Electricity. Capacity Factor * 0.65 
















Capital (mllls/kWh) 

25*7 

26,2 

26,0 

at.. 

23.0 

21.1 

14.4 

23*0 

27.2 

2». a 

26,5 

17 + t 

31,1 

24, a 

Z-U* 

Fuat (mltls/kWh) 

mm 

10.3 

10. t 

9.4 

9.2 

9,2 

30*4 

9.1 

9«a 

9,0 

10,4 

79*0 

9.4 

10,4 

itf.i 

Maintenance and operating fmiltsJkVJh) , 

11 

3*2 

3.2 

3,3 

a.o 

3.3 

1.9 

5-0 

2.2 

t.T 

3.1 

1.6 

7,9 

1*1 

0.4 

Total (mlllsfkiVh) 

la.d 

>9.7 

>9*3 

>0.5 

)$.) 

IJ.t 

4ft. 7 

39*9 

39*2 

60.6 

40*7 

40,3 

*'.4 

49*7 

61.3 

Sensitivity 

Capacity factor * 0.50 (total mills/kWh) 

47*4 

<-0.6 

4&.0 

42*0 

43.1 

41.0 

51*6 

44,0 

4B.0 

49.5 

6,.l 

54.0 

l T,ft 

44,2 

50.6 

Capacity factor ■ 0. BO (total mills/kWh) 

n.) 

36.2 

33*0 

2,.e 

30,6 

29.1 

41,6 

30.9 

3 3*7 

34.6 

34*6 

*4, ft 

19,5 

34*6 

JS.* 

Capila! a* 20 percent txsmilisfkWh) 

S.l 

5.2 

m 

4,4 

4*6 

4.2 

2,9 

4*8 

5,4 

J.O 

5,3 

3.' 

t-mt 

m 


Fuel a ■ 20 percent (imlllsfkWhl 

2. a 

2,1 

Sm 

1*9 

US 

Ufl 

4,1 

Ufl 

2*0 

2*0 

2.1 

a 

1,9 

B 

2,6 

Estimated Time for Construcllon (years) 

4 

4 

4 

4 

4 

4 

3 

4 

5 

6 

4 


4 

§H 


Estimated Date of 1st Commercial Service (year) 

1907 

i907 

1687 

1907 

1907 

i,aT 

1967 

1907 
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1907 

- — 

IqBS 


left* 


igo7 


•Base case - one gas turbine and one bottoming turbine 
whera noted, except cases 9 and 10. 

I nlercooled compressor 


AFB • Atmospheric fluidized ted 
OCT ■ Dry cooling tower 
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PF 

Mont * Montana 

IPFB) 

N.D. ■ North Dakota 
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Pressurized furnace 
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Wet cooling tower 























































Table 2.4-3 


IIC VARIATIONS FOR TASK I STUDY 
CLOSED-CYCLE GAS TURBINE 
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mm 
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EEB 
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Oil 
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so | 

—I 

mm 

Ell 

KBI 

B2 


l^EE 

20a 1 

mm 
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3D5 

El 
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377 j 
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1 
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9 
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9 
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.. 
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- 

-- 
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-- 

— 

-■ 

•- 

" 

- 
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" 

2*9 

75a 
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+0g 
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27fl 

++B 
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lai 

251 

?73 

7 T7 

10* 

«,9 

JT,6 

3+«+ 


36.3 

35*0 

35 r a 

+0,3 

30.2 

35*0 

33,0 

33*7 

37,0 

36.7 

37,+ 

?T.] 

30,0 

27,fl 

30.5 

31*6 

20.0 

26.6 

37.6 

30*6 

2+.5 

26,4 

27,4 

29.9 

31.1 

30.6 

27, 3 

30, t 

27,3 

30,5 

31*6 

24*6 

20,6 

32.0 

15*3 

12.+ 

26.4 

!».* 

29.9 

11*1 

3C.5 

I. JO 

1,03 

1,1 + 

1*0+ 

1,00 

1,10 

1,11 

0,96 

2.07 

2*56 

1*20 

1*15 

1,06 

1 *07 

1.04 

775 

213 

2 30 

23Q 

27 + 

3+1 

260 

319 

239 

230 

171 

2t6 

305* 
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?77 

qOT 

30+ 

Pqo 

7g6 

706 

072 

773 

M+a 

533 

005 

in 

Bbl 

1369 

906 

old 

?&/? 

25,*. 

7*.+ 

25.2 

22.3 
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30.6 

36.1 
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?B.h 
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10.1 

10,1 

B m a 

*9.2 

36.2 

11.0 
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l.R 

m 

KB 

1,0 

5*Q 

m 

m 

2,1 

1*9 

1 

1 .9 

6 

+ 

+ 

+ 

4 

+ 

4 

+ 

3 


4 

+ 

j + 

4 

4 

1-iP 7 

1+4T 

196? 

IgPt 

I9n7 

UtP 

iqoT 

j 19«3 

1 VQ9 


1905 

1915 

|9»> 

10*7 

j i«» 


icuparallvol 




















































Table 2. 4-4 {Page* 1 of 5) 

CAPITAL COST DISTRIBUTIONS FOR CLOSED-CYCLE GAS TURBINE 


MAJOR COMPONENTS 
PRIME CYCLE 

CASE NO, 

1 

2 

3 

4 

5 

6 

7 

0 

9 

10 

HELIUM TuHB-COMp-GEN 

HMJ 

1*.T 

14.7 

14.7 

14.7 

U.7 

14.7 

14,7 

14,7 

29,3 

58,6 

recuperator 

MMs 

15.0 

15.0 

15,0 

15.0 

15.0 

15.0 

15.0 

15.0 

30,0 

60,0 

precooler 
BOTTOMING CYCLE 

HMs 

2.3 

2.3 

2.3 

2.3 

2.3 

2.3 

2.3 

2,3 

4. 6 

9.2 

ORGANIC OR STEAM TUR8~GEH 

MHS 

. 0, 

0. 

0, 

6.2 

6,2 

6,2 

0. 

0. 

0. 

0. 

ORGANIC OR STEAM BOILER 

MM; 

0. 

0. 

0, 

0. 

0. 

0. 

0. 

0. 

0. 

0, 

ORGANIC CONDENSER 

MM* 

0. 

0. 

0. 

0. 

0* 

0. 

0. 

0. 

0. 

0, 

PRIMARY heat INPUT AMD FUEL SYSTEM. 











FURNACE MOCULES 

HHs 

46.0 

46.2 

46.7 

26.6 

27*7 

25.B 

26.0 

43,7 

91*6 

103.3 

HIGH TFMP AIR PPFhEATER 

MMS 

2.0 

2,5 

2.2 

0. 

0. 

0. 

0. 

0. 

4.0 

8.1 

LOW TEMP AIR PRFHEATEft 

MMs 

1.3 

1,3 

1.3 

0. 

0, 

0. 

0. 

0. 

2.6 

5.2 

PRESSuRl? I NG GAS TURBINE 

HH S 

0. 

0. 

0, 

37.5 

41.8 

40.2 

10*7 

36. E 

Q* 

0. 

(COMp-GEN-HFAT EXCH) 

GASIFIER t INCLUDING BOOST 

MMS 

0. 

0. 

0 . 

137.4 

166.7 

149. 6 

0. 

0, 

0. 

0. 

STEAM TURB-COMP 

sub-total of major components 
balance of plant 

KH S 

91.3 

B 1*9 

02.2 

239,7 

274.3 

253.0 

60,7 

iU.s 

162.2 

324.3 

COOLING TOVfFft 

HMS 

2.3 

2.3 

2.3 

2.6 

2.6 

2.6 

2.3 

2.3 

4.4 

8.6 

ALL OTHER 

MMj 

36.7 

37.7 

36,7 

42.2 

46.2 

36.7 

19,4 

46.9 

69.4 

132.5 

SITE LABOR 

HMS 

13.0 

13.4 

13.0 

16.0 

17.9 

12.4 

7.3 

14.4 

24.8 

47.6 

SUB-TOTAL OF BALAflCF OF PLANT 

HMs 

52. D 

S3. 4 

52.0 

60.9 

66,7 

51,7 

29,0 

65.6 

9B.6 

188.7 

CONTINGENCY 

MMj 

26.7 

27.1 

26.0 

60.1 

60.2 

61.1 

19.5 

35,6 

52,2 

102.6 

ESCALATION COSTS 

H«S 

31.0 

31.5 

31.2 

70.0 

79.4 

71.1 

17.7 

41.5 

74. B 

176.1 

INTEREST DURING CONSTRUCTION 

MMS 

33.7 

34,2 

33,9 

76.0 

06.3 

77.3 

17.5 

45.1 

87,0 

216.9 

TOTAL CAPITAL C05T 

MM; 

224,7 

229.1 

226,2 

506.7 

574.0 

515.1 

152.5 

300,2 

474,7 

1008,7 

MAjOR components cost 

s/ahE 

294.5 

297.9 

290,3 

327.3 

347,5 

329.1 

204*9 

282.3 

293.5 

293.4 

balance OF PLANT 

*/swE 

100,4 

194,3 

100.7 

03,0 

84.5 

67.1 

86.5 

164,6 

17B. 4 

170.7 

CONTINGENCY 

S/KME 

96,6 

98.4 

97.4 

02.1 

06.4 

79.2 

50.3 

09.4 

94.4 

92.8 

ESCALATION COSTS 

S/XWF 

112.5 

1 14.6 

113.4 

95.5 

100,6 

92.3 

52.9 

104.0 

135.4 

159.3 

INTEREST DURING CONSTRUCTION 

S/KWE 

122,2 

124,5 

123.2 

103. B 

109.3 

100.2 

52.3 

113*1 

157.5 

196.2 

total capital cost 

S/KWE 

914.2 

£329,7 

921.1 

691.7 

728.3 

668.0 

454. 9 

753.3 

059.2 

912.4 
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Table 2.4-4 (Page 2 of 5) 

CAPITAL COST DISTRIBUTIONS FOR CLOSED -CYCLE GAS TURBINE 



CASE ND. 

11 

12 

13 

14 

15 

16 

17 

18 

19 

MAJOR COMPONENTS 











PRIME CYCLE 











HELIUM TuRB-COMP-GEM 

HHJ. 

13.4 

16,3 

12.9 

16.0 

14.5 

14,2 

i4.e 

14*4 

16.0 

recuperator 

MHs 

20,0 

15,0 

37.5 

15.5 

14.5 

13,8 

14.4 

15,4 

12,0 

precooler 

mms 

2.2 

2.S 

2.2 

2.7 

2.3 

2.3 

2.3 

1.7 

1.6 

BOTTOMING CYCLE 











ORGANIC OR 5TEAM TURB-GEH 

MMS 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0, 

ORGANIC OR STEAM BOILER 

MM* 

0. 

o. 

o. 

0 . 

o. 

0. 

0. 

0. 

0. 

ORGANIC C0N0EH5FR 

MM$ 

0. 

0 . 

0 . 

0. 


0. 

. o. 

0 * 

0. 

PRIMARY HEAT INPUT AND FUEL SYSTEM 










furnace MODULES 

MMS 

31.9 

44. e 

42.2 

55.9 

40.7 

49.1 

50.6 

4a, 7 

52.1 

high temp aip preheater 

HH$ 

0 . 

0 . 

2.3 

o. 

3.5 

2.3 

2.0 

3.6 

1.9 

LOW TEMP AIR PRFHEATER 

MMS 

1.5 

0, 

1.0 

2.1 

1.3 

1.3 

1.3 

1*3 

1.4 

PRESSURISING GAS TURBINE 

icoMp.gen-hfat exchi 

MM$ 

0. 

6.1 

0. 

0 . 

0 . 

0 . 

0. 

0. 

o. 

GASIFIER (INCLUDING BOOST 
STEAM TURB-COMP 

MM* 

0 , 

0 . 

0. 

0 . 

0 . 

0 . 

0 . 

0, 

0, 

SUB-TOTAL of major components 

MMS 

69*0 

04, e 

98.1 

92.2 

04.6 

63.0 

05.5 

05.1 

06.6 

balance of plant 











cooling towfr 

MMS 

2.0 

2.6 

l.B 

2.7 

2.3 

2.2 

2.3 

2.3 

2.4 

ALL OTHER 

HMS 

32.5 

42,0 

20.6 

42.4 

36.2 

35.7 

37,1 

36.2 

30.4 

SITE LABOR 

HMS 

11.5 

14.9 

10.1 

15.0 

12.0 

12.6 

13.1 

12. B 

13.6 

SUB-TOTAL OF BALANCF nF PLANT 

Mis 

46.0 

59.5 

40,6 

60.1 

51.3 

50.6 

52,5 

51,3 

54.5 

CONTINGENCY 

MM$ 

23.0 

20.9 

27.7 

30.5 

27.2 

26.7 

27.6 

27.3 

2B.2 

ESCALATION COSTS 

MBS 

26. B 

26.2 

32.3 

35,6 

31,7 

31.1 

32.1 

31,0 

32.0 

INTEREST DURING CONSTRUCTION 

HMS 

29.1 

25.9 

35,1 

30. L 

34.4 

33.0 

34.9 

34.5 

35,7 

total CAPITAL cost 

M«S 

193.9 

225.2 

233.9 

256.7 

229.2 

225.2 

732.6 

230,0 

237. B 

NAjOR COMPONENTS COST 

S/XwE 

29a, 6 

210,4 

439,7 

304.5 

322, G 

334.4 

295,7 

332,0 

290,2 

BALANCE OF PLANT 

5/<WE 

199.3 

147,7 

lat.a 

190.5 

195.6 

203.9 

181*6 

200,0 

1B2.S 

CONTINGENCY 

S/XWE 

99.6 

71.6 

124,3 

100.6 

103,7 

107.7 

95.5 

106.4 

94,5 

escalation COSTS 

S/XNE 

115.9 

65,0 

144.7 

117,1 

120.7 

126.3 

111.2 

123.9 

110.1 

INTEREST during construct I on 

S/tWE 

126,0 

64,3 

157,2 

127,2 

131,2 

136.2 

120,0 

134,6 

119.6 

total capital cost 

S/<WE 

039.4 

559.0 

1047.7 

847.9 

074.0 

907.5 

005.0 

096.9 

796.0 


REPRODUCIBILITY OF THE 
ORIGINAL PAGE 13 POOR 


20 

21.1 

11.0 

2.0 

0. 

0. 

0. 

57.4 

0. 

1.9 

0. 

o. 

94.2 

3.0 

40.1 

17.0 

60.2 

32.5 

37.0 

41.1 

273.7 

243.0 

175.8 

03. a 

97.5 

106.0 

706.1 
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Table 2.4-4 (Page 3 of 5) 

CAPITAL COST DISTRIBUTIONS FOR CLOSED-CYCLE GAS TURBINE 



CASE NO. 

21 

22 

23 

26 

25 

26 

27 

28 

29 

30 

MAJOR COMPONENTS 












PRIME CYCLE 












HELIUM TuRB-CoMP-BEN 

HHs 

25.0 

14.6 

14.7 

IT. 8 

16.3 

11. 8 

U.6 

12.9 

16*7 

16.0 

RECUPERATOR 

MHs 

33,7 

14.9 

74.0 

13.0 

27*9 

15.1 

25.0 

76. B 

29.0 

33.0 

precooler 

MHs 

3.4 

2.6 

2.2 

2.7 

2.3 

2.1 

2.6 

2.1 

2.2 

2.6 

BOTTOMING CYCLE 












ORGANIC OR STEAM TURB-GEN 

MHs 

0. 

0. 

0. 

0. 

0. 

0. 

0 . 

0, 

0. 

0. 

ORGANIC OR STEAM BOILER 

HHs 

0. 

0. 

0. 

0. 

0. 

0 . 

0. 

0. 

0. 

0. 

ORGANIC CONDENSER 

MHs 

0. 

0* 

0. 

0. 

0. 

0, 

0. 

0. 

0. 

0. 


PRIMARY HEAT INPUT AND FUEL SYSTEM 


FURNACE MODULES 

MHS 

57*9 

67.2 

68.0 

66.2 

66.7 

30.3 

33.6 

66.6 

49.3 

52.5 

HIGH TEMP AIR PREHEATER 

HHs 

0* 

2*9 

2.3 

0. 

0. 

1.5 

0. 

2.5 

3.0 

3.3 

LOW TEMP AIR PREHEATER 

MHs 

2.2 

1*3 

1*2 

0. 

0. 

WO 

1.6 

UP 

1.2 

1.6 

PRE5SURI7ING GAS TURBINE 
(COMP-GEN-HEAT EXCH) 

HHs 

0. 

0, 

0. 

6,9 

5.6 

0. 

0. 

0. 

0. 

0. 

GASIFIER (INCLUDING BOOST 
STEAM TURB-CCHP 

MHs 

0. 

0, 

0. 

0, 

0* 

0. 

0. 

0. 

0. 

0. 

SUB-TOTAL OF MAJOR COMPONENTS 

HHs 

123.1 

03.5 

162*3 

86.6 

94,6 

61.0 

77.2 

139.7 

99.6 

106.8 


balance DF plant 


COOLING TOWFR 

HMS 

3.5 

9.2 

2.1 

3.0 

2.3 

1.7 

2.2 

1.6 

2.2 

2.5 

ALL OTHER 

hms 

■ 55. a 

63.2 

33,2 

47.1 

37.1 

27.9 

35.S 

29.3 

35.0 

39.2 

SITE LABOR 

MHS 

19. a 

16,0 

li.a 

16.7 

13.2 

9.9 

12.7 

10.6 

12.4 

13.9 

SUB-TOTAL OF BALANCE (IF PLANT 

MHS 

79.1 

70.6 

67.1 

66,7 

52.6 

39.5 

5(3. 6 

41.5 

49.5 

55,5 

CONTINGENCY 

MMs 

60.6 

30.0 

37.9 

30.7 

29.5 

20.3 

25.6 

36.2 

29.6 

32.9 

escalation COSTS 

HHs 

67.1 

35.fi 

66.1 

27.0 

26,7 

23.6 

29*6 

42.2 

34,7 

30.3 

INTEREST DURING CONSTRUCTION 

MH S 

51.2 

36.9 

67.9 

27.5 

* 26.4 

25.6 

32.4 

45,6 

37,7 

41.6 

TOTAL CAPITAL COST 

HHs 

360.9 

259,5 

319.3 

239.3 

229.9 

170.9 

215.0 

305.4 

251.1 

277.1 

MAJOR COMPONENTS cost 

SAME 

300. B 

313,2 

511.7 

193.1 

331.7 

329.7 

300.3 

625. B 

358,0 

357.6 

BALANCE of plant 

SAME 

193.1 

266.1 

169,3 

166.9 

164*3 

210, B 

202.7 

IBS. 7 

170,8 

162.4 

CONTINGENCY 

savje 

90. 8 

115.5 

136.2 

60,6 

103,2 

100,1 

102,2 

162.3 

107,5 

10B.0 

ESCALATION costs 

SAWE 

115.0 

136,6 

156.6 

62,1 

93,7 

125,9 

119,0 

189,0 

125,2 

125.7 

INTEREST DURING CONSTRUCTION 

SAWE 

125.0 

166.0 

172.3 

61.6 

92.6 

136. B 

129.3 

205.3 

136.0 

136.6 

total CAPITAL TOST 

s/kwE 

S32.6 

973.2 

1166,1 

533.9 

605.5 

911,4 

861,6 

1366.1 

906,3 

910.4 



Table 2.4-4 (Page 4 of 5} 

CAPITA! COST DISTRIBUTIONS FOR CLOSED-CYCLE GAS TURBINE 



case so. 

31 

32 

33 

34 

35 

36 

37 

30 

39 

hajdr components 











PRIME CYCLE 











HELIUM TURB-COMP-GEN 

HMS 

14.3 

16,3 

17. t) 

14.7 

14.7 

14.7 

14.7 

14.7 

14.7 

RECUPERATOR 

MMJ 

SQ.O 

24.0 

21.6 

15.0 

15.0 

15.0 

15,0 

15.0 

15.0 

PRECDOlEA 

HMJ 

2-7 

2.3 

2,8 

1.9 

1.9 

1.9 

1.9 

2.0 

1.9 

bottoming cycle 











ORGANIC OR STEAM TliRQ-GEH 

HKS 

0. 

0. 

0. 

2.1 

2,1 

2.0 

2.0 

i.e 

2.0 

ORGANIC C1R 5TFAM BOILER 

HHs 

0. 

0. 

0. 

6.0 

6.0 

6.0 

5,0 

4.0 

6.0 

ORGANIC C0HDEN5FP 

MMS 

0. 

0. 

0. 

7.2 

7.2 

7.3 

6.8 

6.4 

7.1 

PRIMARY HEAT INPUT AND FUEL SYSTEM 










FURNACE MODULES 

MM* 

44,8 

46,0 

46.1 

46.0 

46.0 

46.0 

46.0 

46.0 

46,0 

HIGH TFMP AJR PRFHEATER 

HHt 

0. 

0 

0. 

2.9 

2.9 

2.9 

2.9 

2.9 

2.9 

LOW TEMP AIR PRFHEATER 

MH5 

0. 

0. 

0. 

1.3 

1.3 

1.3 

lrT 

1.3 

1.3 

PRESSURI 7 ING GAF TURBINE 
(COMp-GEN-HFAT EXCHt 

MMj 

5.0 

5.9 

6.7 

0. 

0. 

□ . 

J. 

0. 

0. 

GASIFIFP (INCLUDING BOOST 
STEAk- TURB-COMP 

MM J 

0. 

0. 

0. 

0, 

0. 

0. 

0. 

0. 

0. 

sub-total of major components 

HHS 

116.4 

94,5 

94.9 

97.0 

57,1 

97.1 

96*5 

94.0 

96.9 

balance of plant 











COULlNG towfr 

MM£ 

2.2 

2.6 

2.9 

4.0 

4.0 

4.0 

4.0 

4.1 

4.0 

ALL OTHER 

MMS 

34,6 

40.7 

45,8 

54,9 

54,9 

55.0 

54.9 

54,9 

54.9 

SITE LABOR 

MHJ 

12.2 

14.4 

16.2 

23.2 

23.2 

23.2 

23.2 

23.2 

23.2 

sub-total op balance of plant 

MM* 

49.0 

57.7 

64.9 

82.1 

02,1 

02.2 

87.1 

82.2 

02.1 

contingency 

HMs 

33.1 

30,4 

32.0 

35.8 

35.0 

35.9 

35,5 

35,2 

35.8 

escalation costs 

MMi 

30.0 

27.6 

29.0 

51.4 

1 

51.4 

51.4 

51.0 

50.5 

51.3 

INTEREST OUR IN' CONSTRUCTION 

MMj 

29.7 

27.3 

28.7 

59,8 

59.8 

59.8 

59.3 

58.0 

59.7 

TOTAL CAPITAL C05T 

HMS 

250.1 

237.6 

249.5 

326.2 

326.2 

326,3 

323.4 

320.8 

325.9 

MAjOR components cost 

S/tWE 

359.5 

235.3 

212.4 

281.8 

203*9 

286.8 

202.3 

202.0 

2B4.6 

balance OF plant 

S/RWE 

151.3 

143.7 

145.3 

238.5 

240.2 

241.8 

242.6 

247.1 

241.3 

contingency 

S/AWE 

102.2 

75. B 

71.5 

104.1 

104.8 

105.5 

105.0 

106.0 

105.2 

escalation COSTS 

S/KWE 

92.7 

68.8 

64.9 

149.2 

150.3 

151.3 

150.6 

152.0 

150.8 

tNTEHEST DURING CONSTRUCTION 

S/KWF 

91.7 

60.0 

64 t 2 

173.6 

174.9 

176.0 

175.1 

176.0 

175.5 

total CAPITAL cost 

S/tlri E 

797.4 

591.6 

550.3 

947.2 

954,0 

960.5 

955,6 

964,6 

957.4 


40 

U.7 

2.0 

1.9 

3.3 

2.0 

9.1 

56.7 
0. 
2.0 

0. 

0. 

91.7 

5,5 

67.4 

20.6 

101.5 

3B.6 

55.4 

64.5 

351.7 

224.9 

249.0 
94.9 

135.9 

150.1 

862. 7 
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Taiils 2.4-4 (Page 5 of 5) 

CAPITAL COST DISTRIBUTIONS FOR CLOSED-CYCLE GAS TURBINE 

CASE NO, 


MAJOR COMPONENTS 
PRIME CYCLE 

HELIUM TuRB-CqMP-GEN MH$ 

RECUPERATOR hm * 

PRECOOLER HMs 

BOTTOMING CVCLF 

ORGANIC OR STEAM TURB-GEfi MM* 

ORGANIC OR STEAM BOILER MMs 

ORGANIC COHDENSFR MM* 

PRIMARY HEAT INPUT AND FUEL SYSTEM 

FURNACE MODULES MM* 

HIGH TFMP AIR PPFHEATEH M«* 

LOW TEMP AIR PRFHEATER MM* 

rresSurifing GAS TURBINE MMS 

(CDMP-GEN-HEAT EXCH) 

GA5IF1ER {INCLUDING BOOST M«* 

5TEAM TKRB-CQMP 

sub-total of major components MM* 

BALANCE OF PLANT 

COOLING TOWFR . MM* 

ALL OTHER MM* 

SITE LABOR KM* 

SUB-TOTAL Of BALANCE OF PLANT MM* 

CONTINGENCY MM* 

ESCALATION COSTS MHS 

INTEREST OURIN 'O.NSTPUCTlON MM* 

TOTAL CAPITAL COST MMl 

MAJOR COMPONENTS COST S/KWE 

BALANCE OF plant S/«WE 

CONTINGENCY 5/KWE 

ESCALATION COSTS J/SWE 

INTEREST DURING CONSTRUCTION SAWE 

TOTAL CAPITAL COST S/KWE 


41 

42 

43 

44 

45 

46 

14,7 

14,7 

14.7 

14,7 

14,7 

14,7 

29.0 

15,0 

15,0 

2.0 

28.8 

0, 

1.9 

2.6 

2,6 

2.6 

2,6 

2.6 

1,9 

3,e 

2.5 

3,0 

2.5 

14.4 

4,0 

3.5 

3,5 

4.1 

3,6 

10.7 

0. 

D, 

0. 

0. 

0. 

0 ,. 

49,5 

46,0 

46.0 

56,7 

49,3 

63,7 

3,0 

2.9 

2.9 

0. 

s.o 

0, 

1,2 

1,3 

1.3 

2.0 

1.2 

2.4 

o. 

0. 

0, 

0. 

0. 

0. 

0. 

0. 

0, 

o. 

0, 

0. 

105,0 

89, S 

68.3 

87,1 

105,7 

108,4 

4,4 

2.9 

4.6 

3.7 

2,5 

8.1 

52,2 

47,6 

47,3 

58.7 

45,4 

86,8 

22,1 

17,8 

17,8 

21,9 

17.0 

32,6 

78,7 

68.3 

69.6 

84,4 

64.9 

127,4 

36*7 

11.6 

31.6 

34,3 

»4ol 

47.2 

52,7 

45,4 

45,4 

49,2 

48,9 

67,6 

61,3 

52,8 

32,8 

57*2 

56,9 

78,7 

334,4 

287.9 

288.1 

312,1 

310.5 

429.3 

311.7 

2BA.3 

290.8 

236,1 

354.5 

205,4 

233, « 

219,4 

229,2 

248,2 

217,5 

241.4 

109,1 

101,5 

104.0 

100,9 

114,4 

89,4 

156,5 

145.6 

149,1 

144,6 

164.1 

128,2 

182,0 

169,4 

173,5 

168,3 

190,9 

149.1 

993.1 

924,2 

946.7 


1041,3 

813,5 



Table 2.4-5 (Page 1 of 2) 

POWER OUTPUT AND AUXILIARY POWER DEMAND 
FOR BASE CASE AND PARAMETRIC VARIATIONS: 


CLOSED-CYCLE 


CASE 

NO. 

1 

2 

prime cycle power output 

MW 

300*0 

300.0 

bottoming cycle power output 

MW 

0. 

0. 

furnace poker output 

MM 

0* 

0. 

BALANCE of plant AUX, POHER REQ'D, 

, MW 

4.4 

4, A 

furnace aux. power recd. 

MW 

10.2 

19.1 

TRANSFORMER LOSSES 

MW 

1.5 

1.5 

NET STATION OUTPUT 

MW 

2T6.0 

275.0 



CASE 

LO. 

11 

12 

prime cycle power output 


MW 

252.5 

362.4 

bottoming cycle power output 


MW 

0. 

0. 

furnace power output 


MW 

0. 

46,9 

balance of plant aux. power 

REQ'D 

. MW 

4.2 

4,3 

furnace aux, power reo*o. 


MW 

16.1 

0, 

TRANSFORMER LOSSES 


MW 

1.3 

2.1 

NET STATION OUTPUT 


MW 

231.0 

402.9 


CASE 

NO. 

21 

22 

PRIME cycle power output 


MW 

444,6 

294,4 

BOTTOMING CYCLE POWER OUTPUT 


MW 

0. 

0. 

FURNACE power output 


MW 

0. 

0, 

balance of plant aux. power 

REQ'Di 

, MW 

5.4 

8.2 

FURNACE AUX. POWER REQ'D, 


MW 

27.6 

>8.0 

transformer losses 


MW 

2.2 

1.5 

NET STATION OUTPUT 


MW 

40g,4 

266,7 


GAS TURBINE 


3 

4 

5 

6 

7 

B 

9 

10 

300.0 

300.0 

300.0 

300.0 

300*0 

300.0 

600. 0 

1200,0 

0. 

0. 

0. 

0 . 

0. 

0. 

0. 

0. 

0. 

441.1 

498.0 

479.8 

41.1 

110.7 

0 . 

0. 

4.4 

4.9 

4,8 

4.8 

4.1 

4.4 

B.2 

15.9 

IB, 6 

0 . 

0 . 

0. 

0. 

5.8 

36.3 

72,6 

1.5 

3.7 

4,0 

3.9 

1,0 

2.1 

3.0 

6.0 

275.5 

732.5 

789.2 

771.1 

335.2 

398.5 

552.5 

1105.5 

13 

14 

15 

16 

17 

18 

19 

20 

242,8 

329.9 

285.9 

271.6 

31*. 2 

200,2 

323.4 

418,4 

0, 

0. 

0 , 

0. 

0. 

0 . 

0. 

0, 

0. 

0 . 

0 . 

0. 

0. 

0. 

0. 

0, 

4,2 

4.5 

4.4 

4.4 

4.4 

4.4 

4.4 

4.9 

14.2 

21,0 

17.9 

17,7 

18.3 

18,0 

19,0 

23,8 

1.2 

1.6 

1.4 

1.4 

1.6 

1.4 

1.6 

2.1 

223.2 

302.7 

262.2 

240.2 

289.0 

266.4 

298.4 

387.6 

23 

24 

25 

26 

? 7 

28 

29 

30 

300.0 

402.6 

290.9 

206.3 

274.1 

242.8 

300.0 

329.9 

0. 

0, 

0 . 

0 . 

0 . 

0 . 

0 . 

0 . 

0, 

52.5 

□ . 

0 . 

a. 

0 . 

0 . 

0 . 

4.0 

4.4 

4.1 

4.0 

4.5 

3.8 

4.2 

4,5 

16.4 

0 . 

0 . 

13. B 

17.7 

14.5 

17.3 

19.4 

1.5 

2.4 

1.5 

1.0 

1.4 

1.2 

1.5 

1.6 

278.1 

449.3 

285.3 

18T.5 

250.5 

223.3 

277.0 

304.3 


EEPEODUCI3ILITY OF TH® 
ORIGINAL PAGE IS POOR 



Table 2.4-5 (Pfige 2 of 2) 

POWER OUTPUT AND AUXILIARY POWER DEMAND 
FOR BASE CASE AND PARAMETRIC VARIATIONS: 
CLOSED-CYCLE GAS TURBINE 



CASE NO. 

31 

32 

33 

34 

35 

36 

37 

36 

39 

40 

PRIME CYCLE POWER OUTPUT 

Hrf 

290,9 

362.4 

402,6 

300.0 

300.0 

300.0 

300.0 

300.0 

300.0 

300. 0 

bottoming cycle power output 

MW 

0. 

0. 

0. 

66.1 

65.7 

63.5 

6?. 2 

56,4 

64.1 

136, B 

FURNACE POWER OUTPUT 

MW 

36.5 

46,5 

51,1 

0. 

0. 

0, 

0 . 

0. 

0. 

0. 

balance of plant aux. power 

REQ'D. MW 

3.9 

4.1 

4.4 

3.7 

3.7 

3.7 

3.7 

3,7 

3.7 

4.6 

FURNACE AUX. POWER REQ*E>, 

MW 

0. 

o. 

0. 

18.2 

lB.2 

16.2 

16.2 

16.2 

10.2 

22,4 

TRANSFORMER losses 

MW 

1.7 

2.1 

2.4 

1.8 

1.8 

1.8 

1.6 

1.9 

1.6 

2.2 

NET STATION OUTPUT 

MW 

323.6 

401,7 

446.9 

344,3 

341.9 

339.0 

338.5 

332.6 

340.4 

407.7 


CASE NO. 

41 

42 

43 

44 

45 

46 





PRIME CYCLE POWER OUTPUT 

MW 

300*0 

300,0 

300.0 

300.0 

3U0.0 

300.0 





BOTTOMING CYCLE POWER OUTPUT 

MW 

59.5 

35,5 

28.9 

60. 6 

21.0 

266.0 





FURNACE POWER OUTPUT 

MW 

0. 

0, 

0, 

0. 

0* 

0, 





BALANCE OF plant AUX. POWER 

REO'D. MW 

3.6 

4.1 

4.7 

4.4 

3,9 

4.1 





FURNACE AUX. POWER REO«t>. 

MW 

17.3 

18,2 

16.2 

22.4 

17.3 

33.3 





TRANSFORMER losses 

MW 

1.9 

1.7 

1.7 

1.8 

1.6 

2.8 





NET STATION OUTPUT 

MW 

336,7 

311.5 

304.3 

339,9 

296.2 

527.8 
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construction time. Both organic fluid and steam bottoming cycles 
were examined in parametric Cases 34 through 46. 

Rationale for Point Variations 

The assignment of a fixed helium compressor inlet flow of 
1031 Ib/s (467.6 kg/s) resulted in a wide variation of plant out- 
put with other major variables as shown in Table 2.4-6. The dis- 
cussion of results to follow shows the several categories of 
patterns within these selections. 

Table 2.4-6 


CLOSED-CYCLE GAS TURBINE RANGE OF PARAMETRIC VARIATIONS 


System Parameters 

Base Case 

Variations 

Plant Variables 



Power output (MW) 

276 

187 - 1105 

Application 

Base Load 

— 

Coal types 

Illinois #6 

N . Dakota , Montana 

Coal Conversion 



Direct combustion: 

1 

Atmospheric 

fluidized 

bed 

Pressurized 
fluidized bed 

t 

Pressure-fired gas: 1 

1 


High Btu 

Low Btu— Integrated 

Helium Cycle 



Compressor pressure ratio 

2.5 

2,3 

Inter cooled 

- — 

2. 5, 4 , 6. 25 

Compressor inlet 
temp erature (°F) 

50 

60,88,110 

Recuperator effectiveness 

85% 

0%, 60%, 90%, 95% 

Recuperator pressure loss 

3% 

5%, 7% 

Bottoming Cycle 



Organic fluid tempera- 
ture (°F) 

— 

390 - 460 

Steam temperature (°F) 

— 

384 - 900 

Heat Rejection 



Type cooling tower 

Wet 

Dry 
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DISCUSSION OF RESULTS 


Overview 


Table 2,4-7 presents a variety of cases that were most eco- 
nomically attractive. It was notable that neither the 1350 F 
(1005 K) nor the 1700 F (1200 K) alternative proved more economic 
than the base value of 1500 F (1189 K) for the helium turbine in- 
let. The Case 40 with organic bottoming had the highest efficiency 
but also the highest capital cost per kilowatt. With the excep- 
tion of that one case the most economic overall efficiencies were 
all close to 31 percent. The greatest economy was realized with 
Case 20, which had a pressure ratio of 4 and an intercooled compres- 
sor cycle. The pressurized-fumace low-Btu Case 4 had a comtastion 
gas turbine and a steam turbine producing power as well as the 
helium gas turbine in the integrated plant. In fact, of the 732 MW 
net station power output only 300 MW was produced by the helium gas 
turbine. The most economic bottoming cycle for the helium gas 
turbine was a steam cycle that completely eliminated the helium 
recuperator. 


Table 2.4-7 

OVERVIEW OF MOST ECONOMIC CASES 


Case 

Conf igurat ion* 

Production 

Cost 

(mi 11 s/kWh) 

Plant 

Cost 

($/kW) 

Plant 
1 Output 
(MW) 

Thermo- 

dynamic 

Effi- 

ciency 

(%) 

Over- 

all 

Effi- 

ciency 

(%) 

1 

Atmospheric 
fluidized bed 
base case 

38.8 

814 

276 

36.4 

29.5 

40 

Organic bot- 
toming , 60% 
recuperator 

37.8 

862 

408 

42.6 

| : 

35.3 

46 

Steam bottom- 
ing , no re- 
cuperator 

37. 0 

813 

528 

37.6 

30.8 

8 

Pressurized 
fluidized bed, 
recuperative 

35. 9 

753 

398 

36.4 

31.8 

4 

Pressurized 
furnace, LBtu, 
integrated 

34.5 

691 

732 

36.4 

31.0 

20 

Intercooled com- 
pressor, 4 pres J 
sure ratio 

33.7 

706 

388 

38.3 

i 

31.6 


*A11 at 1500 F, 2.5 pressure ratio, Illinois #6 coal, atmospheric 
fluidized bed except as noted 
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Cycles with Atmospheric Fluidized Beds * Table 2 . 4—8 pre- 
sents' the~l:conomIcHijidoveri^ for nine cases 

using atmospheric fluidized bed heat sources. The intercooled high 
pressure ratio compressor Case 20 was most economic. 

Table 2.4-8 


RESULTS FOR CLOSED-CYCLE GAS TURBINES WITH 
ATMOSPHERIC FLUIDIZED BED HEAT SOURCES 


Pressure 

Ratio 

Recuperator Effi- 
ciency 85% 
Turbine Temper- 
ature 1350 F 
,(mills/kWh, 
overall effi- 
ciency, case) 

Recuperator Effi- 
ciency 85% 
Turbine Temper- 
ature 1500 F 
(mills/kWh, 
overall effi- 
ciency, case) 

Recuperator Effi- 
ciency 90% 
Turbine Temper- 
ature 1500 F 
(mills/kWh, 
overall effi- 
ciency, case) 

2 

43. 9, 26. 4%, No. 26 

46.5,30.6% ,No . 13 

56. 8, 29. 9%, No. 28 

2. 5 

40.2,27. 9%, No. 11 

38. 8, 29. 5%, No. 1 

41. 3,31.1%, No. 29 

3 

41. 0,27. 4%, No. 27 

40.2,28. 0% ,No„ 14 

41. 5, 30. 5%, No. 30 

4, Intercooled Compressor 33.7, 31. 6%, No. 20 

— 


Pressure-Fired High-Btu Gas Cases . None of these cases as 
presented in Table 2.4-9 merited inclusion in the most economic 
cases of Table 2.4-7. The pressurizing combustion gas turbine 
set had a pressure ratio of 10 and a turbine inlet temperature 
of 1200 F (922 K) . The power plant efficiency was comparable 
to other configurations; the high price of high-Btu gas fuel 
resulted in the high cost for electricity production. 

Table 2.4-9 


CLOSED-CYCLE GAS TURBINES WITH PRESSURE FIRED 
HIGH-BTU HEAT SOURCES 


Pressure 

Ratio 

Recuperator Effi- 
ciency 85% 
Turbine Temper- 
ature 1500 F 
(mi 11s/ kWh, 
overall effi- 
ciency, case) 

Recuperator Effi- 
ciency 85% 
Turbine Temper- 
ature 1700 F 
(mills/kWh, 
overall effi- 
ciency, case) 

Recuperator Effi- 
ciency 90% 
Turbine .Temper- 
ature 1700 F 
(mills/kWh, 
overall effi- 
ciency, case) 

2 

— 

63.9,24. 5%, No. 25 

56. 8, 29. 9%, No. 31 

2. 5 

46. 7, 29. 2%, No. 7 

48.3,30. 6%, No. 12 

48. 5,31. 5%, No. 32 

3 

— 

47. 6, 30. 4%, No. 24 

47. 6, 31.1%, No. 33 


Sensitivity to Variables . Many cases were evaluated to de- 
termine the sensitivity to variations from the base case. Table 
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2.4-10 presents the differentials from the 38.8 mills/kWh and 276 
MW of the base case at 1500 F (1189 K) , 2.5 pressure ratio with 
atmospheric fluidized bed heat source* 

Table 2.4-10 


SENSITIVITY TO VARIATIONS FROM THE BASE CASE 


Variations from 
Base Case 

Effect of Variations (mills/kWh) 

1350 F 

Adds 1.4 over 1500 F 

Pressurized furnace, 
HBtu 

Adds 7.9 over AFB 

Pressurized furnace, 
LBtu 

Reduces 4.3 over AFB 

Pressurized fluidized 
bed with recuperator 

Reduces 2 , 9 over AFB 

Dry cooling tower 

Adds 5.7 over wet cooling tower 

Recuperator 90% 
effectiveness 

Adds 2.5 over 85% effective recuperator 

Recuperator 5% pres- 
sure loss 

Adds 2.5 over 3 percent pressure loss 
recuperator 

Organic bottoming 

Reduces 1.0 over base; adds 132 MW over 
base 

Steam bottoming 

Reduces 1.8 over base; adds 252 MW over 
base 


RECOMMENDED CASES 

Case 20 , featuring an intercooled compressor with a pres- 
sure ratio of 4, firing Illinois No, 6 coal in an atmospheric 
fluidized bed, was recommended. The capital cost of 706 dollars 
per kilowatt and production cost of 33.7 mills per kilowatthour 
were lowest for helium closed-cycle gas turbines with 1500 F 
(1189 K) turbine inlet. 
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25 SUPERCRITICAL COi 2 CYCLE 

DESCRIPTION OF CYCLE 

The supercritical CO 2 cycle is a variation of the closed gas 
turbine concept previously described. Its mode of operation is 
similar to that of other closed-cycle gas turbines, so its cycle 
components and arrangement diagrams are similar to those for the 
helium closed- cycle gas turbine. The differentiation is that the 
supercritical C02 cycle is intended to operate very close to the 
critical point to achieve a reduction in the compressor power 
requirement. Both cycles have the following common attributes: 

• Exhausting heat at high temperatures that enhance use 
of dry cooling towers 

• Requiring thermal regenerators to achieve acceptable 
efficiencies 

• Having sensitivity to pressure losses anywhere in the 
system (although not so sensitive as the helium gas 
turbine ) 

• Requiring high turbine inlet temperatures (1400 F [1033 K] 
to 1500 F (1089 K]) as compared with closed cycles in 
present-day utility service, 

CO 2 is most attractive working fluid because of its relatively 
low critical pressure (1070 psia [7.38 MN/m^]), its availability, 
and its heat transfer and thermodynamic attributes. The pressure 
level at all points in this cycle is above the critical pressure, 
thus precluding condensation. 

The regenerator exchanges heat between the high-temperature 
fluid exhausting from the turbine and the high-pressure fluid en 
route to the primary heater. The heat transferred in the regen- 
erator is approximately twice rhat of the primary heater, and its 
effective temperature difference for heat transfer must be low in 
order to obtain high heater exchange effectiveness. The regener- 
ator is a critical cycle component. A high effectiveness must be 
achieved with a minimal pressure drop, while' being designed to 
withstand the high system pressures. In addition, turbine trip- 
outs due to the loss of load would impose abrupt pressure changes 
and temperature changes on the large heat exchange components. 

The supercritical CO 2 ghs turbine cycle has the advantage 
over the other closed gas turbine cycles of having a fluid den- 
sity entering the compressor that is quite high, about three- 
quarters that of water. Thus the work of compression is only 20 
percent of the total turbine output work, as compared with ap- 
proximately 50 percent in other closed gas turbine cycles. This 
makes the cycle less sensitive to compressor efficiency. 
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Although the rotational equipment in this cycle will be sub- 
stantially different from the pumps and turbines in a normal steam 
cycle and will require major design efforts, the key element for 
cycle success will be the heat exchange equipment design. 

The primary heat input heat exchanger is the most critical 
heat exchanger in the cycle. The high-temperature and high-pres- 
sure operation will require the use of superalloy materials such 
as Hastelloy X for the tube material. These materials are very 
difficult to work with, and problems such as a requirement for 
heat treatment after a welding operation would make fabrication 
very costly. 

The regenerator operates at lower temperature but has twice 
the heat exchange capability of the primary heat exchanger. A 
shell-in-tube design was assumed appropriate to withstand the 
high differential pressure resulting from 3800 psi (26.2 MN/m 2 ) 
fluid on the tube side and 1300 psi (8.96 MN/m 2 ) on the shell 
side. 


The heat rejection for this cycle occurs at temperatures that 
suggest direct air cooling. As compared with condensing cycles 
of any kind, the noncondensing cycle would only require approxi- 
mately one-half to one-fourth of the surface for dry coolers and 
the opportunity might exist to operate with natural draft in place 
of the more conventional forced draft dry cooling towers. 

Other cycle configurations are possible for supercritical, 
noncondensing power systems. A reduction of primary heater pres- 
sure could be realized by expanding the working fluid through a 
turbine placed between the regenerator and the primary heater. 

The primary heater would restore the energy extracted in this 
turbine by heating the fluid. The original turbine would thus 
have a reduced pressure ratio. In this system, only the regen- 
erator, at modest temperature levels, would be exposed to the 
extreme fluid pressure. 

The characteristic of sensible heat rejection from the cycle 
establishes a good match with a dry cooling tower. However, un- 
like the standard Brayton cycle, the low temperature exiting the 
"pump" permits regeneration of the low-pressure fluid to a tem- 
perature below the point where effective coupling with bottoming 
cycles can be achieved. Therefore no bottoming cycles were con- 
sidered in this system. 

Rationale for Point Variations 


The cycle schematic which was employed for the base-case 
evaluation is shown in Figure 2.5-1. The configuration features 
a recompression cycle. In this concept, the low-pressure flow is 
split as it exits the low-temperature recuperator. A portion of 
this flow goes directly to a compressor; the remaining portion 
continues to a heat rejection system before being raised in pressure 
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Pressure { P si)/ Temperature (°F)/Flow Rate ( x I0 6 Lb/Hr] 


Figure 2.5-1. Supercritical C0 9 Cycle 

to ^ 

-o 









in a pump. This configuration provides for a flow mismatch rn the 
low— temperature recuperator and results in the acheivement of more 
effective regeneration and subsequently higher efficiencies with 
a slight reduction in specific power output. The base-case con- 
ditions were: generator output 600 MW, turbine inlet conditions 

1350 F (1005 K) and 3780 psi (26.1 MN/m 2 ) , turbine outlet pres- 
sure 1400 psi (9.67 MN/m 2 ) . Parametric variations were selected 
from this base case to evaluate cycle variations. 

The atmospheric fluidized bed with direct coal combustion 
was the base-case furnace for investigations of the supercritical 
CO 2 cycle. The use of clean fuels was explored by employing a 
pressurized furnace with both high- and low-Btu fuel. The pres- 
surised fluidized bed was also explored in a regenerative mode 
as another direct coal-burning cycle. 

The temperature span of 1200 F to 1600 F (922 K to 1144 K) 
matches the lowest temperature at which this cycle is thermo- 
dynamically competitive. The upper limit approaches the point 
where working fluid disassociation problems could begin. 

A wide range was given to both the AP/P total and the AP/P 
in the recuperator. This was done in order to develop a background 
of information to permit trade-off studies in the heat exchanger 
components due to economic considerations and definition of cycle 
optimum . 

A variation in pump flow fraction was considered. The flow 
fraction limit of 1.0 eliminate:- the auxiliary compressor and 
permits evaluation of the basic supercritical CO 2 cycle. 

The use of a post heat configuration implies that the flow 
exiting the high-temperature recuperator is partially expanded 
in a pump and compressor drive turbine before being introduced 
into the primary heat exchanger at a lower pressure for energy 
addition and subsequent expansion in the generator drive turbine. 
This concept permits a significant reduction of stress levels 
in the primary heat exchanger due to the reduced pressure at the 
expense of cycle efficiency. 

A cycle configuration was evaluated for use with a dry cool- 
ing tower as well as the base-case wet cooling tower. With the 
base-case design, the pump inlet temperature was varied to show 
the off-design performance at varying ambient conditions. 

The only secondary cycle which was utilized with the super- 
critical CO 2 cycle was a steam plant which operates on the ex- 
haust energy from the gas turbine of the pressurized furnace. 

This combined gas-turbine/steam-turbine case is similar to the 
combined cycle configuration. 

ANALYTICAL PROCEDURES AND ASSUMPTIONS 

The performance of a supercritical CO 2 cycle is obtained by 
making appropriate modifications to the ideal thermodynamic cycle 
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to permit inclusion of component efficiencies and parasitic 
losses. The nonreversible processes which are introduced into 
the calculation include: 

• Turboequipment inefficiency 

• Seal leakage 

• Realistic approach temperatures in heat exchangers 

• Pressure drops in flow lines 

® Mechanical and bearing losses 

With input values for these "real" component effects, turbine 
pressure ratio and inlet temperature, and pump inlet temperature, 
the thermodynamic cycle characteristics are calculated. The 
thermal transport of all of the heat exchanger equipment is de- 
termined in addition to the specific power output and thermal 
efficiency. An assumed energy output from the cycle then sets 
the flow rate and allows sizing of the individual components. 

The calculations are based upon updated properties for super- 
critical CC >2 which are available in tabular and computerized for- 
mat. This information has been compiled from the best available 
information and represents a critical data base for these evalua- 
tions. The property data are utilized in all analyses. 

The initial evaluations for turboequipment efficiency fol- 
lowed the procedure employed by Actron, Inc. This approach util- 
izes the analytical procedures outlined by Balje^ (ref, 1) . A 
constant per stage pressure ratio is assumed and the design is set 
to achieve a per stage specific speed of 50 to 170, The specific 
diameter is then chosen to permit a 90 percent stage efficiency. 
The number of stages is dictated by blade bending loading con- 
straints and not by aerodynamic considerations (due to low flow 
Mach numbers) . The pump design considerations have been verified 
on a preliminary basis from initial Actron, Inc., experiments, 
and the calculated pump performance will be reviewed and utilized. 

In the Task I Study, the efficiencies of the rotational com- 
ponents were assumed and treated as input variables. 

The thermodynamic evaluations of the cycle set the "four 
corner" property conditions on the heat exchangers. The config- 
uration selected for this study was a shell and tube design. The 
calculation procedure was to segment the heat exchanger a^id per- 
form a stepwise calculation through the heat exchanger utilizing 
a log mean temperature difference approach. This segmented model 
permitted proper assessment of the changing property values 
throughout the heat exchanger. The heat transfer coefficient was 
calculated by a standard equation for forced convection heat trans 
fer correlation. This approach has been verified by open litera- 
ture studies (refs. 2, 3) . The pressure drop was similarly 
handled by a standard fluid flow approach. An iterative pro- 
cedure was employed until the corner points were matched. 
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A major design criterion for tube size was the stress levels 
at the high temperatures and pressures in the heat input and re- 
cuperative heat exchangers. The heat input heat exchanger and 
fuel combustion process were designed and evaluated by the Foster 
Wheeler Energy Corporation. Therefore , this component was evalu- 
ated on a common basis with all of the closed cycles. The initial 
design of the recuperator was established by the Advocate Team. 

The mechanical design portion of their heat exchanger program con- 
tained a data bank of material properties. The tube design stress 
was set by the advocates* interpretation of the ASME code. Sec- 
tion 8. 

The final design and costing of the recuperators and pre- 
coolers were performed by the Heat Transfer Products Operation 
of the General Electric Company. 

The parameters and assumptions employed for the base case 
are presented in Table 2.5-1. 

Table 2.5-1 

PARAMETERS FOR BASE CASE 

Pump Inlet Temperature— 80 F 
Turbine Inlet Temperature— 1350 F 
Pump Inlet Pressure-1330 psia 
Pump Discharge Pressure— 3842 psia 
Pressure Losses (total)— 120 psi 

Recuperator Minimum Stream Temperature Difference— 20 F 

Internal Turbine Leakage as a Percentage 
of the Turbine Flow— 2% 

Generator Efficiency— 9 em- 
power Turbine Mechanical Efficiency— 98% 

Power Turbine Efficiency— 90% 

Pump Drive Turbine Efficiency— 90% 

Pump Efficiency— 90% 

Compressor Efficiency— 87% 

Overall Conversion System Thermal Losses as 
a Percentage of Net Electrical Output— 0.1% 

DESIGN AND COST BASIS 

Turboequipment 

The high initial and exhaust pressure of the CO 2 turbine re- 
sults in a compact turbine design with relatively few, but ex- 
tremely heavily loaded, stages. The small energy range and high 
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working fluid density result in a small radius ratio (small radial 
height of blade to pitch diameter) and low Mach number stages. 
However, to achieve the desired turbine efficiency, reasonable 
bucket aspect ratios must be used, and these ratios result in 
bucket gas bending stresses many times higher than those used in 
current steam turbine practice. 

Since no firm design basis existed for this equipment, the 
design cost basis was extrapolated from steam turbine practice. 

Power Drive Turbine . This unit is employed for generator 
drive. It was intended to operate at 3600 RPM achieving an as- 
sumed efficiency of 90 percent. The configuration which was 
selected was a noncooled, double-flow design. 

The pressure and temperature conditions on this turbine very 
closely match those of the high-pressure turbine for the advanced 
steam cycle as a reference design. The significantly higher 
volume flow for the supercritical CO 2 turbine requires the double- 
flow arrangement. Since this turbine is direct coupled to the 
generator, interrupt valves will be required in the flow line 
upstream of the turbine to prevent turbine overspeed during loss 
of load accidents. 

The cost projections were a strong function of inlet turbine 
temperature, the increment being $0.37/kW/°F ($0 . 21/kW/ D K) . The 
cost base was $216/kWe at 1300 F (977 K) turbine inlet temperature. 

Pump Drive Turbine . This unit could probably be configured 
in a single-stage double-flow arrangement. The design was again 
based upon a noncooled configuration. The same reference turbine 
was employed as in the power drive turbine. In this particular 
turbine, a compressor and pump bypass system might eliminate the 
requirement for high- temperature valving for inlet flow interrup- 
tion. With the elimination of the high-temperature control sys- 
tem, the reference design for this unit was $185/kWm at 1350 F 
(1005 K) . 

Compressor and Pump . Both of these units are operated at 
low temperature and modest pressure ratio; they are therefore 
assumed to be relatively simple units. Their cost was assumed to 
be approximately $10/kWm. 

The compressor could be a two-stage design with an assumed 
efficiency of 87 percent. The pump would be a single-stage de- 
sign with an assumed efficiency of 90 percent. 

Heat Exchangers 

Recuperators . The recuperators were divided into low- and 
high- temperature units. Because of the high temperatures and 
pressures, combined with the large amounts of thermal energy 
transfer, the units were significant cost items. 
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A shell and tube heat exchanger configuration was utilized 
with a cross- counter flow arrangement. The unit was designed for 
100 psi (0.685 x 106 N/m 2 ) over the operating pressure. This con- 
figuration was required for the high working pressure levels. 

A series of parallel units were employed. The number of units 
was set by a stress limitation in the tube sheet. And the tube 
sheet was limited to 14-in. (0.356 m) thickness from fabrication 
considerations. The shell diameter was 32 in. (0.813 m) . 

The initial design performed by the advocate was modified to 
include allowances for additional shell side pressure drops. This 
was required to include allowances for flow distribution and tube 
supports. A fouling factor of 0.0003 F ft 2 hr/Btu (5.29 x 10“ 5 
m 2 k/watt was also assigned to both the tube and shell side. 

The basic configuration of the shell was assumed to be in a 
U-tube configuration. The tube length was 50 ft (15.2 m) and the 
tube diameter was 1/2 in. (0.013 m) . 

The heat exchanger cost was a strong function of temperature. 
Table 2.5-2 gives the temperature, material, and cost relation- 
ships. 


Table 2.5-2 

HEAT EXCHANGER MATERIALS 


Tube 

Temperature 

Approximate Fabricated 
Heat Exchange 
Surface costs ($/ft 2 ) 

Tt < 800 F 

Carbon Steel 

30 

800 < T t < 

1100 Stainless Steel 

200 

T t > 1100 

Inconel 

300 


In order to reduce the cost of the high-temperature recuper- 
ator, a series arrangement was employed. This permits a high- 
temperature unit to be designed at approximately $200/ft 2 * ($2153) 
m 2 ) and a lower temperature unit to be designed at approximately 
$30/ft 2 ($3 23/m 2 ) . In addition, 80 percent of the allowable 
shell side pressure drop was assigned to the higher temperature 
unit. These modifications resulted in an average heat exchanger 
cost of approximately $115/ft 2 ($1238/m 2 ) . 

Precoolers . The precooler design was a water-to-CC >2 heat 
exchanger with the water on the shell side of the shell and tube 
unit. This heat exchange was accomplished in modular units. The 
low- temperature range for heat rejection will permit the utiliza- 
tion of 90/10 copper nickel at a fabrication cost of $30/ft 2 
($323/m 2 ). 

^Square foot of heat transfer area. 
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Furnace— Primary Heat Input Heat. Excha nger > As with all 
closed-cycle concepts this unit was designed and costed by Fos- 
ter Wheeler Energy Corporation. The base case employed an atmos- 
pheric fluidised bed with heat exchange occurring both within the 
bed and in the convective space above the bed. 

As a result cf the high temperature of the working fluid en- 
tering the furnace, the combustion gas temperature exiting the 
furnace was approximately 1100 F (B66.5 K) . A high-temperature 
air preheater was therefore required prior to entering the electro- 
static precipitator. This heat exchange unit was a tubular con- 
struction and was estimated to cost $2.5 x 10 6 . The modular cost 
for the AFB unit for the base case was $18.9 x IQ 6 . 

RESULTS 


The analyses of the advocate, furnace designer, and architect- 
engineer were combined to provide the system performance and eco- 
nomics of the supercritical CO 2 cycle. Table 2.5-3 gives the sum- 
mary of results for the base case. In addition to the perform- 
ance and cost and major component characteristics, this figure 
gives values for natural resource required and environmental en- 
trusion. The emissions and wastes from this cycle are from the 
atmospheric fluidized bed and are within the allowable limits. 

The results for the thirty-two parametric variations are 
shown in Table 2.5-4. The capital cost distribution for these 
points are shown in Table 2.5-5. 

DISCUSSION OF RESULTS 


The supercritical CO 2 cycle achieved a good overall effici- 
ency. The overall (coal pile to bus bar) efficiencies were in 
the 40 to 42 percent range for the cases investigated. Thermo- 
dynamic cycle efficiency of 48 to 50 percent was reduced to the 
40 percent level when power plant losses were accounted for, e.g., 
furnace stack losses, and furnace and balance of plant auxiliary 
electrical requirements. Table 2.5-6 presents the power output 
and auxiliary demands for the base case and parametric variations. 
This efficiency level was approximately 5 percentage points better 
than a conventional steam power plant designed to meet the en- 
vironmental constraints. 

The high density working fluid entering the pump resulted in 
low regenerative mechanical work to perform the pumping operation. 
This amounts to only 20 percent of potential turbine output. This 
is higher than would be expected for a liquid (Rankine Cycle) sys- 
tem but less than half that of a closed gas turbine (Brayton Cycle) . 

The thermal regeneration was however very high. Approxi- 
mately 2.6 times the thermal input had to be regenerated in the 
recuperators. This thermal transport occurs at high pressures 
and temperatures thus making the design of the heat exchangers 
more complex. 
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Table 2.5-3 


SUMMARY SHEET 
SUPERCRITICAL C0 2 CYCLE 


BASE CASE 


CYCLE P ARAMETER 


PERFORMANCE A MD COS I 


Met PowEr Ou-Igul iMW-et 
Furnace and CDal Typ e 

Prime Cycle 

Turbine Intel temperature l B Fl 
Compressor pressure ratio 
Recuperator pressu re drop ifip/pl 
Primary heal exchanger Op (psil 
Preccoter Ap (psil 
Pump (tow fraction 
Compressor inlel temperature l°F! 

Recuperator minimum temperature difference (°Fi 
Turbine efficiency 

Heal Refection 


565 

Thermodynamic eliiciency Ipercenti 

48 

Atmospheric tluidiaed bed 

Povrerplani eliiciency (percent! 

40 

Illinois Mo. 6 

Overall energy eliiciency ipercetili 

40 


Plant capital cost (S * left 

1072 

1350 

Plant cepitat cost WWtei 

1894 

2.7 

Cost o( electricity ( mills/kWh) 

69.3 

0.05 

30 

NATURAL RESOURCES 


12 

Coal UttVVItl 

0.79 

0.7 

SO 

Water Iqali'fcVVhl 


20 

Total 

0.44 

0 9 

Cooling 

0.44 

Wet cooling tower 

Processing 

Makeup 



NO* suppression 
Stack gas cleanup 

Urn? lacresflDO MWel 

7.0 


MAJOR COMPONENT CHARACTERISTICS 


Unit or MDtfule 


Major Component 

Sue mt 

IW > L lor 0) x HI 

Weigh! ilbl 
lx I0 6 l 

Cost 
14 x I0 6 ! 

Units 

Required 

Total Cost 
IS x I0 6 > 

SikW 

Output 

PnmeCjcle 







CG^turtiine-generalor 

60 x 15 

16 

130.0 

1.0 

mo 

228 

COj turbine drive-pump-compressor 



206 

1.0 

20.6 

36 

Hign-!emperature recuperator 

14- 34 t 4 

0 U 

10 

160.0 

166.4 

294 

Low -temperature recuperator 

23 . 42 , 7 

0. 3D 

11 

32.0 

36.0 

63 

Primary Heat Input System 







Furnace module 

12 x 30 x 140 

3.5 

18.89 

2.8 

53.0 

93 

High-temperature air prehealer 

30 t 58 x 7 

0.26 

0.36 

19.6 

7.1 

12 


ENV1R0KMEKTAL IMTRUS iON 



LWID^BIu 


LUkWh 


Inpul 


Output 

SO ? 

1.03 


8.45 x ID' 3 

NOx 

0.27 


Z.26kl0* 3 

HC 




CO 

0 2) 


1. 77 x 10‘ 3 

Particulates 

0.1 

BluSWh 

0.fi5x t0‘ 3 

Heal to water 


3S37 


Heal, total rejected 

utfklNh 

SUB 

UilOav 

Wastes 




Furnace solids 

0.143 


1.95 at 10* 

Fine dust tram cyctones 

0.108 


1.46* ID 6 

Fly ash 

0.015 


0.02 x ID 6 



BEPROSUCii 

ORIGINAL e 


WU#***®*® ^ 


3X1, m OF THE 
-AGE IS POOR 


Parameters 

Case 1" 

2 

3 

4 

5 

6 

7 

Power Output (MWe) 

5f»fj 

1132 

565 

563 

750 

1261 

1220 

Furnace, Coal, and Conversion Process 

AFB - 



afu 

AFB 

(PF HI, 

PF 

p; 


113. iG 


Mont 

N. 0, 

111, *6 

111. *0 

Men 







LBt u 


Prime Cycle 








Turbine inlet temperature l°FJ 

1350 — 







Compressor pressure ratio 

2,7 — 




— 



Recuperator pressure drop (Apfp) 

o.os — 







Primary heat exchanger (Ap psr) 

.’0 — 







Precooler (Ap psi) 

12 — 







Pump flow fraction 








Compressor inlet temperature (for performance 

BO — 







variations) <°F) 








Change in heat input heat exchanger design 

-- 

- 

- 


- 

- 

- 

Heat rejection 

WCT - 







Recuperator minimum temperature difference (°F) 

20 — 







Turbine efficiency 

0. 0 — 







PF Air supply 








Excess air (percent) 



~ 


20 

15 - 


Pressure ratio 

-- 

-- 

- 

- 

ID - 



Turbine inlet temperature (°F> 

— 

-- 

-- 

-- 

1600 

moo- 


Regenerator efficiency 

- 

-- 

-- 

- 

0. 65 

Steam- 


Actual Powerplant Output (IVtWei 

566 

1132 

5*5 

563 

750 

12*1 

1.32 C 

Thermodynamic Efficiency (percent) 

AT. 7 

A 7 , 7 

A7,T 

*7.7 

<■7.7 

A T. T 

*7 .1 

Powerplant Efficiency (percent) 

AO.O 

*o.o 

30.5 

35.7 

39.2 

35.0 

35.: 

Overall Energy Efficiency (percent) 

*0.0 

AO, 0 

38,5 

35,7 

39,2 

15.0 

35.: 

Coal Consumption (IbfkWh) 

0.79 

0.79 

0,99 

1.39 

0.61 

0.90 

1*0£ 

■ 

Plant Capital Cost ($ million) 

1073 

2316 

1078 

1093 

1135 

15*6 

IMS 

Plant Capital Cost <$/kWe) 

189* 

20*8 

1900 

19*3 

1513 

12*1 

1223 

Cost of Electricity, Capacity Factor » 0. 65 







' 

Capita! (milis/kWh) 

*0.0 

6A.0 

60*3 

61- A 

*7.0 

39.2 

3R.f 

Fuel (mills/kWh) 

7.3 

7.3 

7,5 

B, 1 

r.A 

a. 3 

r.; 

Maintenance and operating (mills/kWh) 

2.2 

2*0 

2.2 

2*2 

2,0 

?.9 

?.< 

Total (mills/kWh) 

69, A 

7* . 0 

70.0 

71. B 

57,1 

50.* 

aq.e 

Sensitivity 








Capacity factor u 0. 50 (total mills/kWh) 

p0.o 

9A. 1 

80.8 

90.9 

72.2 

ft 3 . 0 

*2.3 

Capacity factor a 0,80 (total millsfkWh) 

57.7 

b 1.5 

58,3 

59*9 

AT. 9 

*2.5 


Capital A ”20 percent (AmillsfkWh) 

12,0 

13,0 

12.1 

12.3 

9.6 

7.P 

7.7 

FuelA = 20 percent (Amills/kWh) 

1.5 

1.5 

1.5 

1.6 

1.5 

1.7 

i.i 

Estimai&d Time for Construction (years) 

5 

6 

5 

5 

5 

5 

f 

Estimated Date of 1st Commercial Service (vear) 

1905 

1995 

1995 

1995 

1995 

1995 

199 ! 


‘Base case 

AFB 3 Atmospheric fluidized bed 

Mo-,! a Montana i 

'Performance only 

OCT = Dry coaling tower 

N.D, 3 North Dakota 


HBtu = High BtU 

PF ” Pressurized furnace 


III. 3 Illinois 

(PFBL * Pressurized fluidized bedtreci 


LBtu = Low Btu 

WCT K » Wet cooling tower 


Table 2.5-4 


FOIfDOOft JB S&Mg 2- 


PARAMETRIC VARIATIONS FOR TASK I STUDY 
SUPERCRITICAL C0 2 CYCLE 



pBratlveJ 
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Table 2*5-5 (Page 1 of 4) 

CAPITAL COST DISTRIBUTIONS FOR SUPERCRITICAL C0 2 CYCLE 



CASE NO, 

1 

2 

3 

4 

5 

6 

7 

a 

9 

10 

major components 












PRIME CYCLE 












C02 TORE-GEN 

MHs 

130.0 

260.0 

130.0 

130.0 

130. 0 

130.0 

130.0 

130.0 

186.0 

130.0 

CO 2 TllRB DR t VE -POMP-COMP 

M« t 

20,6 

41.1 

20.6 

20.6 

20.6 

20. 6 

20.6 

20.6 

30.4 

20.6 

RECUPFRATOR 

MBS 

202. A 

405.6 

202.4 

202.4 

202.4 

202.4 

207.4 

2o2,4 

200.0 

202*4 

prfcooler 

MMS 

»0.0 

20.0 

10. a 

11.7 

H.5 

9.9 

10.9 

21.2 

11.2 

8.4 

primary hfat Input and fuel system 











FURNACF MODULES 

MHs 

67.0 

134.2 

66.7 

73.8 

75.2 

54.5 

54.1 

54.0 

71,0 

68.2 

HIGH TFHP air phfheater 

MMS 

7. 1 

14.2 

7.4 

7.7 

0. 

0. 

0. 

0. 

0. 

0, 

LOW TFMP AIR PRFHEATER 

MMj 

2.1 

4.1 

2.1 

2.4 

0. 

0. 

0. 

0. 

0. 

0. 

PRESSUR17ING GAS TURBINE 
(COMP-GEN-HFAT EXCHI 

MHS 

0. 

0. 

0. 

0. 

28,1 

64.9 

69.0 

71.3 

18.1 

a. 2 

GAsIFIFft (INCLUDING BOOST 
STEAM TURB-COMP 

MHS 

0. 

0. 

0. 

0. 

0. 

209.0 

728.1 

254.3 

0. 

0. 

Sim-TOTAL OF Major COMPONENTS 

MMS 

*39.1 

879.2 

440.0 

448.6 

467. B 

692.1 

715.1 

754,6 

516.7 

437.8 

BALANCE OF PLANT 












COOLING TDWFR 

MH5 

1.9 

3.8 

1.9 

1.9 

1.9 

1.9 

1.9 

1.9 

1.9 

1.9 

ALL OTHER 

MHS 

115.9 

232.0 

117.5 

117.5 

117.1 

127.1 

129.8 

134.5 

106.0 

106.0 

SITE LABOR 

MHs 

32.5 

64.2 

32.7 

32,7 

36.6 

39.3 

40.5 

42.6 

29.6 

29.6 

sub-total of Balance of plant 

MHs 

LSD, 3 

300.0 

152.1 

152.1 

155.6 

168.3 

177.2 

179,0 

137. 5 

137.5 

contingency 

MM$ 

117.9 

235.8 

110.4 

120.1 

126.7 

172.1 

177.4 

1B6.7 

130.8 

115.1 

escalation costs 

MMS 

169.1 

404.7 

169.8 

172.3 

178.8 

246.7 

?54.5 

267.0 

152.3 

134.0 

interest DURING construction 

MHS 

196.7 

498,5 

197,6 

200.4 

20s. 0 

287.1 

796.0 

311.5 

165.5 

145.6 

TOTAL CAPITAL COST 

MHS 

1073.1 

2318.2 

1077.9 

1093.5 

1134.8 

1566.2 

1415.2 

1699.6 

1102.9 

969.9 

MAJOR COMPONFNTS cost 

S/KWE 

776.3 

776.9 

778.9 

797.4 

623.7 

548.6 

541.7 

560.0 

680.3 

669.3 

balance of plant 

S/KWE 

265.7 

265.1 

269.2 

270.3 

207.4 

133.4 

130.4 

132.8 

181,0 

210.2 

contingency 

S/KWE 

20B. 4 

208.4 

209,6 

213.5 

166.2 

136,4 

134.4 

138.6 

172.3 

175.9 

escalation COSTS 

S/KWE 

298,9 

357.6 

300.6 

306,2 

238.4 

195.6 

192.8 

198.7 

200.6 

Z04.B 

INTEREST DURING CONSTRUCTION 

S/KWE 

347.7 

440.5 

349.7 

356.3 

277,3 

227,6 

224.3 

231.2 

217.9 

222.5 

i TOTAL CAPITAL COST 

S/KWE 

1897.0 

2048,4 

1908.0 

1943.8 

1513.1 

1241.5 

1223.6 

1261.2 

1452.1 

1402.7 
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Table 2.5-5 (Page 2 of 4) 

CAPITAL COST DISTRIBUTIONS FOR SUPERCRITICAL C0 2 CYCLE 



CASE NO. 

11 

12 

13 

14 

15 

16 

17 

16 

19 

major COMPONENTS 











PRIME CYCLE 











C02 TURB-6EN 

HMj 

85.0 

130.0 

130.0 

127.0 

130.0 

130.0 

130.0 

130.0 

130.0 

C02 TuaB ORIVF-PUMP-COMP 

MMs 

13.0 

20.1 

21.1 

22,8 

17.9 

20.1 

21 .7 

20.6 

21,0 

RECUPERATOR 

HMS 

193.6 

299,2 

157.3 

196.8 

2*2.4 

243.2 

172.6 

196.8 

204,0 

PRECOOLER 

MMS 

9.0 

11.2 

11.2 

10.3 

H.O 

n.5 

10.1 

10.1 

10.0 

PRIMARY HfAT INPUT AND FUEL SYSTEM 










FURNACE MODULES 

MMs 

72.3 

64,3 

72.4 

41.6 

66.6 

56.9 

76.9 

62.4 

67,2 

HIGH TFMP AIR PfiFHEATER 

MMs 

7.6 

6.9 

7.3 

6.9 

7.9 

7.1 

7.2 

7.1 

7.1 

LOW TFMP air prfheater 

MMS 

2.2 

2.0 

2.1 

2.0 

2.3 

2.0 

2.1 

2.1 

2.1 

PRE5SUAI7ING GAS TURBINE 
(COMP-GEN-HEAT EXCHl 

MMS 

0. 

0. 

0. 

C * 

0. 

0. 

0. 

0. 

0, 

GASIF1FR (INCLUDING BOOST 
STEAM TURB-COHP 

MMs 

0. 

0. 

0. 

0. 

0, 

0. 

0. 

0. 

0. 

SUB-TOTAL OF MAJOR COMPONENTS 

MMS 

362.7 

533.6 

401,4 

427.4 

496.0 

470.9 

420.8 

429.0 

441.4 

BALANCE OF PLANT 











COOLING TOWFfl 

HMS 

1.9 

1.9 

1.9 

1.9 

1.9 

1.9 

1.9 

1.9 

1.9 

ALL OTHER 

MMS 

1 (6.0 

116.0 

116.0 

116.0 

116.0 

116.0 

116.0 

116.0 

116.0 

site LABOR 

MMs 

32.1 

32.1 

32.1 

32.1 

32.1 

32,1 

32.1 

32.1 

32.1 

SUb-TOTAl OF BALANCE of plant 

HMS 

150.0 

150.0 

150.0 

150.0 

iSO.O 

150.0 

150.0 

150.0 

150.0 

CONTINGENCY 

MMs 

106.5 

136.8 

110.3 

115.5 

129.6 

124.2 

1 14.2 

115. S 

118,3 

ESCALATION costs 

HMS 

152.8 

196.1 

156.1 

165.6 

185,9 

178.1 

161.7 

166.1 

169.6 

INTEREST during CONSTRUCTION 

MMS 

177.7 

228.2 

164.0 

192.7 

2 16, £ 

207.2 

190.4 

193.2 

197.3 

TOTAL CAPITAL COST 

MMs 

949,7 

1244.6 

1003.7 

1051.1 

1179.7 

1130.3 

1039.1 

1054.1 

1076,6 

MAJOR COHPONFNTS COST 

S/tWE 

676.1 

942,5 

710,6 

754.6 

604.6 

832.3 

744.3 

758. 5 

780.4 

balance OF PLANT 

S/KNE 

265,6 

264.9 

265,6 

264.9 

266,5 

265.1 

269.3 

265,2 

265.3 

CONTINGENCY 

S/KWE 

18a. e 

241.5 

195.2 

203.9 

230.3 

219.5 

201.9 

204,7 

209.2 

escalation COSTS 

S/KWE 

270.7 

346.3 

280.0 

292.4 

330.2 

3U.8 

789.6 

293.6 

300,0 

INTEREST DURING CONSTRUCTION 

S/KWE 

3U. 9 

402,8 

125,7 

34D.2 

384.2 

366.2 

136.9 

341,6 

349.0 

TOTAL CAPITAL cost 

S/KWE 

1716. 2 

2197,9 

1777,0 

1855.9 

2096.0 

1997.8 

1837.9 

1863,6 

1904.0 


EEPSODliGiIjiUlV: OF THE 
OSIQJTIAL PAGE IS POOR 


20 


130.0 
20.7 

202.4 

10.1 

67.0 

7.1 

2.1 

0 . 

0 . 

439.3 

1.9 

116.0 

32.1 

150.0 

117.9 

169.0 

196.6 

1072.9 

776.1 

265.2 

208.4 

298.9 

347.7 
1897.0 
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Table 2.5-5 (Page 3 of 4) 


CAPITAL COST DISTRIBUTIONS FOR SUPERCRITICAL C0 2 CYCLE 



CASE NO. 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

MAJOR COHPONFNtS 












PRIME CYCLE 












C02 TURB-GEN 

MHs 

130.0 

130,0 

130,0 

130.0 

130.0 

130.0 

130.0 

130.0 

130.0 

141.0 

CD2 TURB DRJVE-PIJHP-COHP 

HHs 

20.8 

21.0 

21.6 

25.6 

16,6 

12.8 

20.6 

20,6 

20.6 

20.0 

recuperator 

MHs 

202.4 

174.4 

208,8 

271.2 

100,8 

56.8 

202.4 

202,4 

202.4 

228.0 

precooler 

MHS 

9.0 

11.4 

10.1 

11.6 

10. 1 

10.2 

10.3 

10.4 

10.3 

11.5 

PRIHARY HEAT INPUT AND FUEL SYSTEM 











FURNACE MODULES 

HHS 

74.8 

71,5 

67.7 

73.5 

67.3 

74.8 

64.0 

64,0 

67.0 

69.0 

HIGH TEMP AIR PRFHEATER 

MHS 

7.1 

7.2 

7.2 

7.1 

7.7 

7.9 

7.1 

7,1 

7.1 

7.3 

LOW TFHP AIR PRFHEATER 

MMj 

2.1 

2.1 

2.1 

2.0 

2.2 

2.3 

2.1 

2.1 

2.1 

2.1 

PRESSURI7ING GAS TURBINE 
tCOMP-GEN-HFAT EXCH} 

MHS 

0. 

0, 

0. 

0. 

0. 

0. 

0* 

0. 

0. 

0. 

GASIFIER (INCLUDING BOOST 
STEAM TURB-COHP. 

MHs 

0. 

0. 

0. 

0. 

0. 

0. 

a. 

0. 

0. 

0. 

sub-total of major components 

HMS 

446.2 

416.4 

447.6 

521,0 

334,7 

294.9 

436.5 

436,6 

439.4 

478.9 

BALANCE of plant 












COOLING towfr 

MHS 

1.9 

1.9 

1.9 

1.9 

1.9 

1.9 

5.2 

1.9 

1.9 

1.9 

ALL OTHER 

MHS 

116.0 

116.0 

116.0 

116.0 

116.0 

116.0 

1 18.9 

116.0 

116.0 

116,0 

SITE LABOR 

HHs 

32.1 

32.1 

32.1 

32.1 

32.1 

32.1 

34, 3 

32.1 

32. 1 

32.1 

sub-total OF BALANCF OF PLANT 

MHS 

150.0 

150.0 

150.0 

150.0 

150.0 

150.0 

158.6 

150.0 

150.0 

150.0 

CONTINGENCY 

MHs 

119,2 

113.7 

119,5 

134.2 

96.9 

B9.0 

) 19*0 

117,3 

117.9 

125.8 

ESCALATION COSTS 

MH$ 

171.0 

163.0 

171,4 

192.5 

139.0 

127.6 

|70.7 

168.2 

169.1 

180.4 

interest during CONSTRUCTION 

MHS 

198,9 

189.7 

199.4 

223.9 

161,7 

1*8.4 

198.5 

195.7 

196.7 

209.8 

total capital cost 

MHs 

1085.4 

1034.8 

1088,0 

1221.6 

882.3 

809.9 

1083.3 

1067.8 

1073.0 

1144,9 

MAJOR COMPONENTS COST 

S/KWE 

789.0 

740.2 

791.9 

921.0 

5?4«0 

524.2 

778.0 

771.8 

776.9 

847.5 

BALANCE of plant 

5/KWE 

265.2 

265.4 

265,4 

265.1 

266.2 

2b6.6 

282.7 

265,2 

Z&5.2 

265.5 

contingency 

S/KWE 

210.8 

201.1 

211.5 

237.2 

172.0 

158.2 

712.1 

207.4 

208,4 

222.6 

escalation costs 

S/KWE 

302.4 

288.4 

303.3 

340.2 

246.7 

226.8 

3D4.2 

297.4 

298,9 

319.2 

interest during construction 

S/KWE 

351*6 

335.5 

352,8 

395.8 

287.0 

263.9 

353.9 

346.0 

347,7 

371.4 

TOTAL CAPITAL cost 

S/KWE 

1919.2 

1830.7 

CO 

• 

* 

2159.2 

1566.0 

1439.7 

1931.0 

1887,8 

1897.0 

2026,1 
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Table 2.5-5 (Page 4 of 4) 

CAPITAL COST DISTRIBUTIONS FOR SUPERCRITICAL C0 2 CYCLE 

CASE HO* 31 32 

MAJOR COMPONENTS 


PR1HE CYCLE 


C02 TURB.GEN 

MHl 

130.0 

130.0 

C02 TUnB DRIVE-PUMP-COHP 

HKs 

22.3 

23.9 

recuperator 

MHS 

221.6 

2A0.0 

precooler 

MHs 

10.1 

10.2 

primary HEAT input and fuel system 




furnace modules 

HHs 

70.0 

72.5 

HIGH TEMP air PRFHEATER 

HHS 

7.4 

7.7 

LOW TEMP AIR PRFHEATER 

MHS 

2.1 

2.2 

PftESSimmflG GAS TURBINE 
(cohp-gen-heat exch) 

HH$ 

0. 

0. 

GASIFIER (INCLUDING BOOST 
STEAM TURB-COHP 

MMS 

0. 

0. 

sub-total of major components 

MHS 

463. S 

486.5 


BALANCE OF plant 


cooling tohfr 

MMs 

1.9 

1.9 

all OTHER 

HKs 

116.0 

116.0 

site LABOR 

HHS 

32.1 

32.1 

sub-total of balance OF PLANT 

HHs 

150.0 

130.0 

contingency 

HHS 

122.7 

127.3 

escalation COSTS 

MHs 

176.0 

132.5 

INTEREST DURING CONSTRUCTION 

MHS 

204,7 

212.4 

TOTAL CAPITAL cost 

MHs 

1116.8 

1150,7 

MAJOR COMPONENTS COST 

S/KHE 

620,8 

863.4 

balance of plant 

S/tWE 

265,7 

266.2 

contingency 

S/XWE 

217.3 

225.9 

escalation COSTS 

s/kwe 

311.6 

324.0 

INTEREST DURING COHSTRUC'.ON 

S/KHE 

362.5 

376,9 

total CAPITAL COST 

S/KWE 

1977.9 

2056.4 


repboductbUjHy of the 
msam&L page is poor 



Table 2.5-6 


POWER OUTPUT AND AUXILIARY POWER DEMAND 
FOR BASE CASE AND PARAMETRIC VARIATIONS: 
SUPERCRITICAL C0 2 CYCLE 



CASE NO, 

1 

2 

3 

A 

5 

6 

7 

a 

9 

10 

PRIME CVCLE POWER OUTPUT 

MW 

600.0 

1200,0 

600,0 

600.0 

600.0 

600.0 

60D.O 

600,0 

600.0 

600,0 

BOTTOMING CYCLE POWER OUTPUT 

MW 

0. 

0. 

0. 

0. 

0. 

D. 

0. 

0. 

0. 

0. 

FURNACE POhER OUTPUT 

MW 

0. 

ft. 

0. 

o. 

1*9.0 

673.2 

732,1 

760.0 

163,6 

62,7 

balance of plant AUX. power 

REO'D. MW 

5.5 

10.5 

5,6 

5.7 

5.6 

5. A 

5. A 

5.6 

5.2 

5.2 

furnace AUX. POWER REO'D, 

Hw 

25. B 

51, B 

26, A 

Zfi.7 

9.6 

0. 

0. 

0. 

0. 

0. 

transformer losses 

MW 

5.0 

6.0 

3.0 

3.0 

3.B 

6,4 

6.7 

6. a 

3.8 

3.3 

net STATION OUTPUT 

MW 

565,7 

1131.7 

564,9 

562,6 

o 

o 

■f* 

r- 

1261,5 

1320.0 

13A7.6 

759.5 

65A.1 


CASE NO, 

11 

12 

13 

1A 

15 

16 

17 

10 

19 

20 

prime cycle power output 

MW 

600.0 

600.0 

600.0 

600.0 

600.0 

600.0 

600.0 

600. 0 

600,0 

600.0 

BOTTOMING cycle power output 

MW 

0. 

0, 

0. 

0. 

0. 

0. 

0. 

. 0. 

0. 

0. 

furnace power output 

MW 

0. 

0. 

0 . 

0 . 

0 . 

0 . 

0. 

0, 

0. 

0. 

balance of plant AUX. power 

REO'D. MW 

5.6 

5*6 

5.6 

5.6 

5.6 

5.6 

5.6 

5.6 

5.6 

5.6 

FURNACE AUX. POWER REQ'O. 

MW 

27,1 

25.1 

26.6 

25.1 

2B.6 

25.7 

26.1 

25. B 

26.0 

25.9 

TRANSFORMER LOSSES 

MW 

3.0 

3.0 

3.0 

3.0 

3.0 

3.0 

3.0 

3.0 

3.0 

3,0 

NET STATION OUTPUT 

MW 

564.3 

566,3 

564.0 

566.3 

562.8 

565,7 

565,3 

565,7 

5fc5.4 

565,6 


CASE NO. 

21 

22 

23 

24 

25 

26 

77 

26 

29 

30 

prime cycle power output 

MW 

600,0 

600,0 

600. 0 

600.0 

600.0 

600.0 

600.0 

60C.0 

600,0 

600,0 

bottoming cycle power output 

MW 


0. 

0. 

0 . 

0 . 

0. 

0. 

0. 

0. 

0. 

FURNACE POWER output 

MW 

0 . 

0 . 

0 . 

0 . 

0 . 

0. 

U. 

o. 

0 . 

0. 

balance OF PLANT AUX, POWER 

REO'D. MW 

5.6 

5.6 

5,6 

5.6 

5.6 

5.6 

10.1 

5.6 

5.6 

5,6 

FURNACE AUX. POWER RED'D. 

MW 

25.9 

26,2 

26,2 

25.7 

2fl.O 

28.9 

25.9 

25, 8 

25.8 

26,4 

TRANSFORMER LOSSES 

MW 

3.0 

3.0 

3.D 

3.0 

3.0 

3.0 

3.0 

3.0 

3.D 

3.0 

NET STATION OUTPUT 

HW 

565.6 

565.2 

565.2 

565.7 

563. A 

562.6 

561.0 

565.7 

565.7 

565.1 


CASE NO. 

31 

32 









PRIME CYCLE POWER OUTPUT 

MW 

600.0 

600,0 









BOTTOMING cycle power OUTPUT 

MW 

0. 

0. 









furnace power output 

MW 

0 . 

0 . 









BALANCE of PLANT AUX. POWER 

REO'D. MW 

5.6 

5.6 









FURNACE AUX. POWER REO'D. 

MW 

26. a 

28.0 









TRANSFORMER LOSSES 

MW 

5.6 

3.0 









net station output 

MW 

564.7 

5< i.i 
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The major disadvantage of this cycle was the extremely high 
capital costs of major components. A partial list of these capital 
costs is shown in Table 2.5-7 for the base case. The major cost 
items are in the heat exchange equipment and power drive turbine. 


Table 2.5-7 

MAJOR COMPONENTS, CAPITAL COST 


Major Components (Partial List) 

Capital Costs 
($/kW) 

Power Turbine 

229 

Auxiliary Turbine-Pump- Compressor 

36 

High-Temperature Recuperator 

293 

Furnace 

117 

High-Temperature Air Preheater 

12 


The turbine costs are extremely high because all of the ex- 
pansion and work output occurs at high pressures and temperatures. 
This is unlike the steam turbine, where less than 20 percent of 
the output is derived from the high-pressure turbine stages. 

Since high efficiency is the major advantage of this cycle, 
it is instructive to examine the effects of the important para- 
metric variables of the cycle efficiency. The cycle thermo- 
dynamic efficiency and specific power output are shown in Figure 
2.5.2 as a function of turbine inlet temperature, in Figure 2,5-3 
as a function of total cycle pressure drop, in Figure 2.5-4 as a 
function of recuperator pinch-point temperature, in Figure 2.5-5 
as a function of turbine pressure ratio and in Figure 2.5-6 as a 
function of pump flow fraction. The desire to go to higher tur- 
bine inlet temperatures and higher pressure ratios in order to 
achieve higher cycle thermodynamic efficiency must be counterbal- 
anced by the added capital cost in major components to achieve 
these improved conditions. 

The increase in efficiency which is achieved with the recom- 
pression cycle is shown in Figure 2.5-6 with a pump flow fraction 
of 1.0 representative of the basic cycle. A pump flow fraction 
of 0.7 was employed in the base case. 

The post-heat cycle, which employs expansion of the CO 2 in 
the pump drive turbine as it exits high- temperature recuperator 
and prior to heat addition in the furnace, was considered for its 
potential to lower the cost of the primary heat input exchanger 
as a result of lower pressure levels in this component. The 
study results indicated that this reduction is not achieved and 
that the power turbine cost increases because this turbine must 
now operate on the high -temperature CO 2 as it exits the primary 
heat input exchanger. 
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Specific Power Output (SPO) 





10 2 
Pinch Temperature (°F) 

Figure 2.5-4. Effect of Recuperator Pinch-Point 
Temperature on Cycle Performance 



2.0 2.5 3.0 3.5 

Turbine Pressure Ratio 


Figure 2.5-5. Effect of Turbine Pressure Ratio 
on Cycle Performance 



Figure 2.5-6. Effect of Pump Flow Fraction on Cycle Performance 


In a final design of the turbine components, cooling of the 
turbine wheels would probably be necessary. This would require 
between two and four percent of the compressor flow and result in 
an overall efficiency decrease of one-quarter to one-half per- 
centage point. 

The efficiency of this cycle is not strongly dependent upon 
flow pressure drop, as noted in Figure 2.5-3. Both the primary 
heat input and recuperator heat exchangers could benefit from in- 
creased allowances in flow pressure drop. A doubling of the shell 
side pressure drop in the high- temperature recuperator would cause 
only a 0.25 percentage point decrease in efficiency but would re- 
duce the estimated cost of this unit by more than 10 percent. 

The same result could take place in the primary heaL* exchanger: 
a doubling of pressure drop would decrease the estimated cost of 
this unit by $4 x 10®. Neither of these effects is linear. 

Although not studied in this evaluation, it is believed that 
in order to achieve proper turbine control, 3 percent of the tur- 
bine inlet pressure must be made available in the form of control 
value loss* This effect would cause a reduction in efficiency of 
0.3 percentage point. 


BEi'ROI; V CU: 1LITY 
ORIGINAL page is 
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If the above-mentioned allowances and design improvements 
were made to the base case, the total capital, cost could be re- 
duced by approximately $20 x 10 3 * * 6 and the efficiency would drop 
by approximately 0.5 percentage point. The reduction of power 
due to efficiency decrease would offset the reduction in capital 
cost, resulting in approximately the same cost of electricity. 
Therefore, the efficiencies would be in the upper 30-percent range 
and capital costs still in excess of $180Q/kW. 

RECOMMENDED CASE 


The supercritical CO 2 cycle was characterised by efficiencies 
approximately four to five percentage points greater than conven- 
tional steam turbine cycles and capital costs of three times those 
projected for current steam power plants. With respect to the 
cost of electricity, the savings in fuel was more than offset by 
the capital charge, and the resultant cost of electricity was pro- 
jected to be more than double that for a conventional steam tur- 
bine plant. 

If the supercritical CO 2 cycle is considered for further 
study, the base-case configuration which was employed for the 
Task I Study appears to be an attractive starting point. The re- 
compression cycle with a 2. 7/1.0 pressure ratio and turbine inlet 
temperature of 1350 F (1005 K) would be recommended. A recommen- 
dation would be made, however, to allow more flow pressure drop 
in the heat exchangers in order to reduce capital costs of these 
components . 
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2.6 ADVANCED STEAM CYCLE 

DESCRIPTION OF CYCLE 


Many of the recently installed fossil-fired large steam power 
plants today utilize 800 M W, 3500 psi (2.42 x 10^ N/m^), lOOu F 
(811 K) steam with reheat to 1000 F (811 K) . A few smaller steam 
plants use 1050 F (839 K) steam, and two units have operated 
briefly at 1200 F (922 K) and at 1150 F (894 K) . The advanced 
steam plants of this evaluation featured increased initial steam 
conditions to enhance their efficiency. 

The steam power plant uses regenerative feedwater heating to 
substantially heat the condenser discharge water. This feed- 
water is heated further in the steam generator by a section called 
the economiser. The economiser is the last section of the boiler 
gas path and serves to reduce the boiler gas temperature as low 
as possible. The gas may be as hot at 750 F (672 K) leaving the 
economizer. Next the air preheater cools the exhaust gas to stack 
temperatures of 250 F (394 K) to 300 F (422 K) . 

The turbine repre^^nts a continuous gas path, although it is 
manufactured in discrete units with their own shells and bear- 
ings. The high-pressure section reduces the pressure by five to 
one and regulates the total steam flow. Its exhaust returns to 
the reheater except for a small ;CIow which goes to the highest 
temperature feedwater heater. The reheated steam expands through 
the intermediate-pressure turbine and then goes to the several 
final turbine sections. Steam is extracted at many points along 
the turbine to progressively heat the feedwater. The feedwater 
pump discharges at a pressure 25 percent in excess of the throttle 
pressure and is driven by an auxiliary steam turbine. 

The major advantages of the steam cycle are the very small 
pumping power (on the order of 2.5 percent of turbine output) and 
the near to Carnot processes achieved by employing condensing for 
heat rejection and by regenerative feedwater heating. Water as 
a working fluid is also a major advantage; it provides high heat 
transfer coefficients in both the boiler and the condenser. It 
expands without moisture through all turbine sections except the 
last. It enters the condenser slightly wet, which is ideal for 
condensation . 

Steam Cycle Configuration 

The advanced steam cycle used for the base case is shown sche- 
matically in Figure 2.6-1, with four modules of atmospheric fluid- 
ized bed steam generators. These steam generators are described in 
Section 6. In this configuration each module has a low temperature 
air preheater that heats combustion air as the stack gas is cooled 
from 700 F (644 K) to 300 F (422 K) . The electrostatic precipitator 
is at the 700 F (644 K) temperature level preceding the air pre- 
heater. The beds themselves operate at 1550 F (1120 K) to pro- 
duce main throttle steam and to reheat steam. The condensate is 
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Low- Atmospheric 

Temperature Flufdfzed Bed 



Figure 2.6-1. Advanced Steam Cycle 













pumped through a sequence of feedwater heaters and through the 
boiler feedpump to reach 4394 psia (3*03 x 10? N/m 2 ) , 510 F 
(539 K) with a water flow of 4.95 million lb/hr (2.25 x 10® kg/hr). 
This feedwater is subdivided among the steam generators to produce 
3500 psig (2.42 x 10 7 N/m 2 ) , 1200 F (922 K) steam. The high- 
pressure turbine section reduces the steam pressure to 767 psia 
(5.29 x 10® N/m 2 ) at a temperature of 760 F (678 K) . A small 
fraction of this steam flows to the hottest feedwater heater 
at A? the bulk of the cold reheat steam is returned to the steam 
generator where it is reheated to 1000 F (811 K) while experienc- 
ing a 10 percent pressure drop to 690 psia (4.76 x 10® N/m2) . 

The reheated steam returns to the second turbine shell. At the 
exhaust from the reheat turbine shell, steam is extracted for 
boiler feedpump turbine drive and for feed heating. The bulk of 
the steam flows through the crossover to the multiple last stage 
sections. All of the exhaust flows from these last stage sections 
enter the condenser along with the exhaust from the boiler feed- 
pump turbine. The condensation is effected by the cooling water 
circulated through wet cooling towers. 

The steam turbine cycle is described by the generator output, 
800 MW; tne configuration. Tandem Compound 4 Flow and 33.5' in. 

(0.851 m) last stage buckets (LSB) (TC 4F 33.5); the condenser 
back pressure, 1.5 in. Hga (5.07 x 10 3 N/m 2 ); the feedwater 
temperature, 510 F (539 K) ; and the guarantee heat rate, 7482 Btu 
(7.89 x 10® J) of heat added to the steam cycle per kilowatthour 
produced by the steam cycle (45.6 percent steam cycle efficiency). 

The atmospheric fluidized bed is one of four furnace-steam 
generator systems that were evaluated. In the atmospheric fluid- 
ized bed (AFB) cases the combustion gases are cooled to 700 F 
(644 K) with the 510 F (539 K) feedwater. This avoids the need 
for a high- temperature air preheater. A low- temperature air pre- 
heater reduces stack gases to 3 CO F (422 K) . 

The pressurized fluidized bed cases were comparable except 
that a gas turbine was used to pressurize each furnace with the 
gas turbine exhaust used to heat feedwater anove the level of 232 F 
(384 K) in place of regenerative steam heating. Gas turbine power 
was added to the net steam power generation. In one case a re- 
cuperator was used on the gas turbine with no feedwater heating 
from the exhaust gases; the steam cycle was unchanged from the 
basic AFB case. 

The pressure-fired furnace cases burning clean gaseous fuels 
employed all elements of a combined power system. To make low- 
Btu fuel gas, a coal gasifier of the fixed-bed type was furnished 
compressed air from the gas turbines, and steam from a gas turbine 
heat recovery steam generator. Each gas turbine had a combustor- 
boiler that provided heat to the basic steam plant and discharged 
hot gases through the gas turbine to the heat recovery steam gen- 
erators. For these cases, the aggregate power of the gas turbines 
and their heat recovery steam turbine exceeded that of the advanced 
steam plant. Better thermal performance would result from an inte- 
gration of all the steam turbine components . 
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The major steam cycle variations about the base case in- 
cluded variation of initial pressure, of initial temperature, 
and of reheat temperature, addition of a second reheat, and 
change of condenser conditions and of feedwater temperature. 

The heat sources and system configurations were major parmetric 
case variables (Table 2.6-1). 

Table 2.6-1 

ADVANCED STEAM CASE VARIABLES 


System Parameters 

Base Case 

Variations 

Steam Cycle 



Generator (MW) 

800 

600,1200,1600 

Turbine inlet temperature (°F) 

1200 

1000,1400 

Turbine inlet pressure (psig) 

3500 

4000, (2400 psig/ 
1000 F/1000 F) 

Reheat temperature (°F) 

1000 

1200,1400 

Feedwater temperature (°F) 

53 0 

560,547,480 

Condensing pressure (in. 

1.5 

1.9,3.45 

Hg abs) 

Heat Source for Steam 



Coal burning 

AFB 

PFB, PFB R , Con- 
ventional 

Low— Btu gas 

— 

PF 

Solvent refined coal j 


Conventional 

Coal Used i 

111. #6 

N.D. Lignite, 
Mont . Sub-Bi 

Support Gas Turbine 
Temperature (°F) 

— 

1800 for LBtu, 
1600 for PFB 


Note : 


APB = Atmospheric fluidized bed 
LBtu - Low Btu 
111. = Illinois 
Mont . = Montana 
N.D. = North Dakota 

PF = Pressurised furnace 
PFB - Pressurized fluidized bed 
PFBr = Pressurized fluidized bed, recuperative 
Sub-Bi = Sub-Bituminous 


RATIONALE FOR POINT VARIATIONS 

The base case for advanced steam uses ratings and conditions 
that are typical of the largest fossil-fired power plants, except 
for the advance from 1000 to 1200 F (811 to 922 K) for the tur- 
bine throttle temperature. Such a design for 800 MW would be a 
distinct challenge both for the turbine and for the boiler. The 
atmospheric fluidized bed with its peak temperature at 1550 F 
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(1120 K) offers potential advantages in design concept over the 
conventional furnace. The reheat at 1000 F (811 K) is conventional 
as is use of feedwater heating at the temperature corresponding 
to exhaust from the high-pressure turbine. A second reheat would 
result in superheated steam flowing into the condenser. This is 
not conventional for condensing steam turbines. For this reason 
single reheat has been used in all cases with 1200 F (922 K) throttle 

The variations in power level examined the economy of rating 
as well as the limits to steam turbine size in conjunction with 
1200 F (922 K) steam. Where single units were not practical, twin 
units were evaluated at 600 to 800 MW per unit. The atmospheric 
fluidized bed boiler would comprise multiples of a common module 
in every instance, so more units rather than a scale-up in size 
of the furnace module would be used. Principal economies outside 
the steam turbine could arise from balance-of-plant economies of 
size. 


The alternative 1000 F (811 K) throttle condition is con- 
ventional if the reheat is held to 1000 F (811 K) . However, con- 
sideration was given to reheat in this case to 1200 F (922 K) and 
to 1400 F (1030 K) . The reheater would be at 700 psi (4.83 x 10® 
N/m 2 ) instead of 3500 psi (2.42 x 107 N/m 2 ) , thus simplifying the 
design of the high-temperature heat input section. A second re- 
heat to 1200 F (922 K) was also evaluated since the steam flow to 
the condenser would still be wet and not superheated. 

Although increased pressure generally accompanies increased 
temperature in steam plants, the advantage is very slight once a 
design is above the critical pressure of 3200 psi (2.22 x 107 
N/m 2 ). A limited extension to 4000 psi (2.77 x 107 N/m^) was 
made to determine cost sensitivity to the pressure parameter. 

As a reference case, a plant at 2400 psi (1.66 x 10' N/m 2 ), 1000 F 
(811 K) superheat, 1000 F (817 K) reheat was evaluated since less 
than supercritical steam plants are commonly used for both baseload 
and mid-range operation at this pressure level. 

Most commonly, the high-pressure turbine shell of the steam 
turbine -generator has no extraction points. The high-pressure 
feedwater heater draws steam from the high-pressure turbine ex- 
naust resulting in 510 F (539 K) feedwater. Extraction from the 
high-pressure turbine was evaluated resulting in 560 F (566 K) 
feedwater. The condenser back pressure variations were chosen 
so that performance in the extremes of ambient conditions could 
be evaluated as well as determination of performance with dry 
cooling towers. 

The alternative fuels fired directly affect the design of the 
atmospheric fluidized bed. Conventional furnace designs were 
evaluated for firing of the three coals as well as the liquefied 
fuel . 


The three low-Btu gas fuels were considered only for the 
pressure- fired boiler. In this instance, there was integration 
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of the air compressor and of steam produced in the exhaust of the 
pressure-firing gas turbine with both the coal gasification' plant 
and its own bottoming steam turbine, but not with the advanced 
steam turbine -generator of the prime cycle* 

The pressurized fluidized bed fired with three different 
coals utilized the gas turbine exhaust to substitute for part of 
the feed heating train of the steam turbine. In addition a single 
case explored the alternative use of gas turbine exhaust to heat 
compressed air for combustion. 

ANALYTICAL PROCEDURE AND ASSUMPTIONS 


Steam Turbine-Generator 


The analytical procedures and the assumptions used in this 
evaluation are identical to those applied to current steam turbine- 
generator products. These are outlined in Reference 1. Estimated 
efficiencies have been found to match those: calculated using this 
Reference, within 0.25 percent. The specific sizes and conditions 
for most of the advanced turbines evaluated in this study are beyond 
the capability of current steam turbines in the utilization of high 
temperatures. However, except for those stated conditions, current 
constraints such as last stage loadings have been followed. The 
turbines considered and the assumptions as to their manufacture 
and performance follow conventional practice, but extend the 
practice into unproven high-temperature regions where units are 
not offered for manufacture. 

Cycle Configuration 

The elemental steam power plant consists of a feedwater pump, 
a heat source now called a steam generator, a steam expander 
{formerly a reciprocating steam engine but now a turbine) , a steam 
condenser, and a driven load such as a generator. This elemental 
plant without embellishments is called a Rankine steam cycle. 

This simple form of steam cycle has been progressively modified 
in utility applications in order to produce the most economic electric 
power generation. Regenerative feedwater heaters have been added 
and steam reheating. Initial pressures and temperatures have been 
increased. The large auxiliary power for the boiler feedpump 
drive, of the order of 35 MW, is provided by low-pressure ratio 
auxiliary steam turbine drives. Figure 2.6-2 shows the heat balance 
for a current 1000 MW utility steam cycle. The highly integrated 
nature of the steam cycle is apparent using a six-flow exhaust. 

The approximate upper limit for a four-flow unit would be 880 MW. 

As is customary for such units, the net unit output is divided 
into the rate of heat input to the steam cycle to express the 
unit heat rate of 7946 Btu/kWh. The steam cycle efficiency would 
be 3412.14 divided by the heat rate or 43.0 percent (the inverse 
of the ratio) . 

Figure 2.6-3 shows the physical configuration of the steam 
turbine sections and their combination into a tandem compound 
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six-flow unit such as the unit shown in Figure 2.6-2. The throttle 
steam from the heat source enters the high-pressure section through 
governing valves or throttles and then flows toward the left, ex- 
hausting at approximately one-fifth the throttle pressure. About 
90 percent of the steam returns to the heat source to be reheated 
and returned to the center of the double-flow reheat turbine sec- 
tion. The steam in that section expands toward both ends, again 
experiencing a reduction in pressure to one-fifth the inlet pres- 
sure. En route through that turbine section some steam is ex- 
tracted for feedwater heating. The reheat exhaust steam from 
both ends is collected in the crossover pipe shown on top of the 
turbine in the lower part of Figure 2.6-3. The crossover feeds 
steam to the center of three double-flow low-pressure turbine 
sections located on top of the steam condenser. The haat balance, 
Figure 2.6-2, shows that both the auxiliary steam turbine and 
the deaerating feedwater heater use steam at the crossover con- 
di ons. The six exhaust flows would flow downward into the con- 
denser. The generator would be bolted to the extreme right steam 
turbine coupling. In this study six-flow low-pressure turbines 
(three low-pressure double-flow sections) were used for the 1200 
MW Case 3, and for the double reheat Case 14. All other turbines 
were four-flow low-pressure turbines (two double-flow sections) . 

The largest turbine buckets are used at the last stage; last 
stage bucket length is a significant steam turbine characteristic. 
All but one of the cases evaluated used 33.5-in. (0.851 m) last 

stage buckets. The exception was the high back pressure turbine 
for use with a dry cooling tower. Case 9, which used 20-in. 

(0.508 m) last stage buckets. 

Steam Cycle Efficiency 

The efficiency of the steam cycle is directly influenced by 
the steam turbine efficiency, by the kinetic energy in the steam 
leaving the last turbine buckets, and by the arrangement and num- 
ber of feedwater heaters and reheaters. To clearly and properly 
distinguish the steam cycle performance from the steam turbine 
performance, the entire utility industry has adopted the use of 
net heat rate to express the steam cycle thermal input divided 
by the net turbine room electrical kilowatt output, or the Btu 
per kilowatthour. Data for conventional plants are presented in 
Reference 2. The major cycle variables are throttle pressure 
and temperature, reheat temperature, condenser back pressure, 
number of feedwater heaters, and final feedwater temperature. 
Performance is given for normal guarantee point operation, and 
for the conventional design condition at valves wide open with 
5 percent additional flow and approximately 4 percent additional 
power generation. Identical design margins are specified for the 
steam generator output and for the condenser capability. As a 
result all steam plants are designed for continuous operation at 
a 5 percent flow margin and approximately 4 percent excess power 
generation capability. This design practice was followed in the 
study. The exhaust flow limit for the 33.5-in. (0.851 m) last 

stage rows for these 3600 RPM turbines would be 992,000 pounds 
per hour (4.50 x 10 s kg/hr). 
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The steam turbine-generators have been sized to produce 
their electrical output at 1.5 in. Hga (5.07 x 10 3 N/m 2 ), zero 
percent makeup, while the high back pressure (HBP) unit was sized 
at 8.0 in. Hga (2.70 x 10 4 N/m 2 }, zero percent makeup. All gen- 
erators are rated at their maximum hydrogen pressure. The type 
stator cooling is conductor (liquid) cooling. The generators are 
assumed to operate at rated hydrogen pressure and 0.90 power fac- 
tor at all load points. 

Table 2.6-2 lists the cycle assumptions that were made. 

Table 2,6-2 


STEAM TURBINE CYCLE ASSUMPTIONS 


Components 

Assumptions 

Boiler feedpump 

a. 

Discharge pressure 1.25 x throttle 
pressure 


b. 

Efficiency 80% 

Auxiliary turbine 

a. 

Extracts steam from the main turbine 
at approximately 150 psia 


b. 

Exhausts at a pressure 0.5 in. Hg 
above main condenser pressure 


c. 

Efficiency 78% 

High-pressure feed- 
water heater 

a. 

Normally receives steam from the high- 
pressure turbine exhaust 


b. 

For the HARP cycle Case 5 (Heater 
Above Reheat Point) , the steam is 
extracted from the high-pressure tur- 
bine. 

Extraction lines 

a. 

3% pressure drop 


Steam Cycle Effects Due to Pressure and Temperature 

Variation of throttle pressure and temperature and of reheat 
temperature have a dominant effect on steam cycle heat rate and 
efficiency. For large steam turbine-generators the most common 
throttle pressures have been 2400 psig (1.66 x 10? N/m 2 ) and 3500 
psig (2.42 x 10? N/m 2 ), with throttle and reheat temperatures of 
1000 F (811 K) . Figure 2.6-4 shows the percent improvement over 
base cycle efficiency or heat rate as the throttle and reheat 
temperatures are increased up to 1400 F (1030 K) . It is notable 
that increased reheat temperature is 80 percent as effective at 
3500 psig (2.42 x 10^ N/m 2 ) as the same increase in throttle tem- 
perature. Due to the reduced pressure of reheat 770 to 690 psia 
(5.31 x 1Q6 to 4.76 x 10^ N/m 2 ), and the absence of throttle con- 
trols for reheat, this alternative is economically and technically 
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preferable to advances in throttle temperature. The general in- 
fluence due to throttle pressure is a 1 percent improvement going 
to 4000 psig and a 2 percent poorer heat rate going to 2400 psig 
(2.77 x 10? N/m2) from 3500 psig (2.42 x 10? N/m 2 ) . 



THROTTLE PRESS. - PSIG 

ffOtCB! 

1. Numbers near curves arc temperaturea in °F 

2. Solid linen ( ) arc throttle temperature 

3. Hashed lines — ) arc reheat temperature 

Figure 2.6-4. Temperature Effects on Heat Rate for 
Single Reheat Steam Turbine Cycles 


The feedwater temperature and the reheat steam conditions 
are dependent on throt.tle conditions. When throttle temperature 
is increased above the 1000 F (811 K) standard, the enthalpy of 
the steam returning to the reheater increases 0.5 Btu/lb (1.16 x 
10 3 J/kg) for each degree F increase in throttle temperature. 

Table 2.6-3 shows these dependencies on throttle pressure at the 
valves' wide open condition and in parenthesis for the valves' 
wide open and 5 percent overpressure condition. 

Additional Reheating Benefits 

The dramatic improvements realized when steam is initially 
reheated are not extended to subsequent reheating arrangements. 

Cycle efficiency and heat rate are improved 1.75 percent for ad- 
dition of a second reheat. No further increase in efficiency re- 
sults if a third reheat is added. As a result double reheat is the 
limit of practical exploitation of this avenue to higher efficiency. 

Figure 2.6-5 shows the heat rate improvements resulting from 
increased throttle, first reheat, and second reheat temperatures. 
These improvements are additive. Again a most practical approach 
to improved efficiency would be through use of standard throttle 
conditions, but with the reheat temperatures increased. 
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Table 2.6-3 


COLD REHEAT STEAM CONDITIONS FOR 
SINGLE REHEAT UNITS 


Steam Conditions 
(psig/°F/°F) 

Final 

Feedwater 

Temperature 

(°F) 

Average 

Cold 

Reheat 

Enthalpy 

(Btu/lb) 

High- 

Pressure 

Turbine 

Exhaust 

Pressure 

(psia) 

2400(2520) /100 0/1 000 

480(485) 

1314 (1311) 

584 (613) 

3500(3675) /I 00 0/10 00 

510 (516) 

1278 (1273) 

767(805) 

4000(4200)/1000/1000 

513 (518) 

1259(1254) 

788 (830) 
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1, Numbers near curvnn are temperature in °F 

2, Solid lineo { ) are throttle temperature 

3. Daflhcd linen ( ) are firot reheat tenperatuio 

4. Dotted lines {— are second reheat temperature 


Figure 2.6-5. Pressure-Temperature Effects for Double 
Reheat Steam Turbine Cycles 


DESIGN AND COST BASIS 


Materials of Construction, Size and Weight 

Materials with sufficient strength for use at 1200 F (922 K) 
or even to 1400 F (1030 K) for steam turbine designs may be found 
in materials handbooks such as the ASM Metals Handbook or the 
Aerospace Structural Metals Handbook. None of these materials 
have ever been cast or forged into the shapes and sizes required 
for large steam turbines. Table 2.6-4 indicates the approximate 
weights and sizes of the major turbine components for a 1000 MW 
unit. Approximate dimensions are provided to help visualize the 
physical size of the components in a steam turbine-generator. 
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Table 2,6-4 


COMPONENT WEIGHTS AND SIZES 


Component 

Approximate 
Weight (lb) 

Approximate Size 

Main valves & piping 

550,000 

— 

HP- shells (inner & 
outer) & diaphragms 

350,000 

22* (L)xl5 1 (W)xlO' (H) 

HP-rotor 

50,000 

25 , x40" diameter 

Intercept valves 
(two per unit) 

120,000 

— 

Reheat- shells (inner & 
outer) & diaphragms 

300,000 

22’ (L)xlS' (W) x8 * (H) 

Reheat-rotor 

50,000 

25'x40" diameter 

LP casings (inner & 
outer) & diaphragms 

900,000 

(per LP section) 

24 1 (L) xl8 ' (W)xlO’ (H) 

LP- rotor 

290,000 

27 , x3C' ,il diameter 

Generator (total) 

1,400,000 

— 


It can be seen from Table 2.6-4 that the pieces to be manu- 
factured are very large? they are also very complex in shape. 
Figure 2.6-6 is an outline drawing for a typical large, single 
reheat unit showing the approximate sizes of the major components 
and foundation loadings that can be expected. 

In the evaluation of materials for 1200 F (922 K) operation, 
materials presently available with the required strength were se- 
lected, and then the problems that may be encountered in using 
these materials were identified. The improvement in materials 
required to advance steam temperatures substantially beyond 1000 F 
(811 K) would require cooperative development efforts with one or 
more large steel mills. It would require substantial steel mill 
investments in increased forging press and furnace capacity. 

Based upon past experience, a program to develop a satisfactory 
high- temperature rotor would take at least ten years from the 
initiation of the project to the first application. Additional 
in-service operating experience would be required before the ma- 
terial development program could be considered complete. 

Steam Turbine-Generator Costs 


The prices for conventional steam turbine- generators were 
determined using the General Electric Apparatus Handbook. The 
pricing methods are explicitly detailed in the Handbook including 
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Figure 2.6-6. Outline Drawing for a Typical Large, Single Reheat Unit 
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differentials for standard and for optional features of large 
steam turbine generators. Figure 2. 6-7 illustrates the principal 
factors determining cost. The MW rating is not the designated 
output of the unit as used in this study. It is a smaller num- 
ber that prorates the output to conditions of 3,5 in, Hga (1.18 x 
10 4 N/m 2 ) condenser back pressure and 3 percent makeup waterflow 
through the feedwater system. The price base point is indicated 
for each unit based on the configuration of the condensing turbine 
sections. Added or reduced output is realized at a cc nstant fac- 
tor leading to the uniform characteristic slopes. The limit on 
last stage steam flow produces the approximate cutoff point at 
the extreme right of each curve. To this base price is added the 
indicated values at the top of the figure that relate to pressure 
at the throttle and the extraction of steam for boiler feedpump 
drive. 


COST BAS 1 5 - CQMVENTIOHAl 



Figure 2.6-7. Cost Basis— Conventional Steam Turbine-Generators 


The method employed for determining the cost of unconven- 
tional units depends upon the establishment of an accurate de- 
scription of the entire unit. This was accomplished by actually 
beginning the design of the steam path and shells for the turbine. 
The new design was then compared with a conventional design and 
all significant differences were identified. These differences 
were then evaluated as to how they wculd affect the cost of the 
turbine-generator , 

Some of the major differences analyzed for this study were 
the use of new, untried materials for the major turbine com- 
ponents, and the additional labor required because of longer 
machining times. Table 2,6-5 lists the estimated costs for a 
tandem compound six-flow 33. 5- in. last stage bucket (0.851 m) 
base unit with standard accessories. The base ratine is 950,000 
kW and 1,140,000 kVA rated at 3.5 in. Hga (1*18 x 10 4 N/m 2 ) and 
3 percent makeup. Steam throttle pressure is 3500 psig (2.42 x 
10' N/m 2 ) while temperatures were as indicated. These estimated 
prices reflect the best current judgment as to what the price of 
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a turbine with 1200 P (922 K) temperatures might cost. However, 
this study did not include full development of either a design 
or materials evaluation. Further development and additional 
analysis would be required to obtain more definitive prices. 

Table 2.6-5 


ESTIMATED STEAM TURBINE PRICES 
(950 MW, TC 6F 33.5)* 


Alternatives 

Steam Temperatures 
( °f/°f) 

Estimated Price 
($ millions) 

1 

1000/1000 

31 

2 

1200/1000 

77 

3 

1000/1200 

57 

4 

1200/1200 

103 


*950 Megawatt, Tandem Compound, 6 Plow, 33.5 in. LSB 


A similar basis for pricing 1400 F (1030 K) steam turbines 
could not be made. The prices used for 1400 F (1030 K) were 
price extrapolations and have no technical basis for costing. 

These turbine-generator costs are illustrated in Figure 2.6-8 
including the resulting cost for a Tandem Compound 4 Flow 33.5-in. 
(0.851 m) last stage bucket (TC 4F 33.5) steam turbine-generator. 

RESULTS 


The base case was a 35G0 psig, 1200 F (2.42 x 10? N/m 2 , 922 K) 
steam turbine-generator with 1000 F (811 K) reheat serviced by four 
atmospheric fluidized bed steam generator modules. The total 
performance of this base case is presented in the summary of 
Table 2.6-6. The generator output of 800 MW was reduced to a 
net plant output of 745 MW by the various auxiliary demands as 
follows: 


Furnace module power 

31.9 

MW, 

4 

percent 

of 

800 

MW 

Balance of plant power 

19.0 

MW, 

2.4 

percent 

of 

800 

MW 

Transformer loss power 

3.8 

MW, 

0,5 

percent 

of 

800 

MW 

Net station output power 

745. 3 

MW, 

93.2 

percent 

of 

800 

MW 


Presentation of Results 


The parametric variations evaluated and their economic and 
thermodynamic results are presented in Table 2.6-7. Table 2.6-8 
presents the distribution of capital costs for these points in 
both millions of dollars and in dollars per kilowatt of station 
dispatched power. Table 2.6-9 presents the makeup of net station 
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Megawatt Rating at 3. 5 in. Hga and 3% Makeup 


Figure 2.6-8. Cost Basis-Advanced Steam 

dispatched power from the power generation from steam and gas tur 
bine components reduced by the several, auxiliary demands and by 
the final transformer loss. 

The interplay between these cases will be made apparent by 
discussion of particular clusters of related cases. 


mmfsVK 


'Base case. AFB a Atmospheric fluidized bed LBtu 

•Dry cooling tower, CF c Conventional furnace Mont 

FW “ Feedwater N. D. 

111. = Illinois PF 


Low Btu 
Montana 
North Dakota 
Pressurized 
Furnace 


Parameters 

Gaae l a 

2 

3 

4 

5 

jj 

Power Output (MWe) 

74 S 

559 

1119 

1484 

745 

"I 

Furnace, Coal, and Conversion Process 

AFB- 







III. *6 





1 

Prime Cycle 






■I 

Throttle 






J 

Psig 






j 

°F 







Reheat (°F> 

1000 - 




”► ' 

l 

Second reheat (°F) 

- 

— 



— 

i 

Feed (°F) 

510 — 




560 

J 

Condense (Hga) 

1*3“ 






Combustion Air Supply 






| 

Excess air (percent) 

-- 

- 

— 

— 

" 

1 

Pressure ratio 

- 

— 


- 


;j 

Turbine inlet temperature (°F) 

- 

■ 

- 

- 

“ 

1 

Exhaust energy 

- 

- 

- 

- 

- 

! 

Actual Powerplant Output (MWe) 

7*5 

559 

1119 

1686 

765 

1 

Thermodynamic Efficiency (percent) 

6 5.6 

66.1 

65.6 

65.6 

65.7 


Powerplant Efficiency (percent) 

17.7 

36,3 

37,8 

37,6 

3B.0 

'H 

Overall Energy Efficiency (percent) 

17,7 

36.3 

37.8 

37,6 

38,0 

3* 

Coal Consumption (Ib/kWh) 

r> , B«. 

0.83 

0.R6 

0.66 

0,63 

03 

Plant Capital Cost ($ million) 

530 

637 

826 

1077 

539 

\ 

Plant Capital Cost ($/kWe) 

lit 

7fl2 

736 

725 

723 

. J 

Cost of Electricity, Capacity Factor ■ 0.65 






B 

Capital (mills/kWh) 

?2.8 

26.7 

23.3 

22.9 

22.9 

R 

Fuel (milis/kWh) 

7*7 

7.6 

7.7 

7.7 

7.6 

| 

Maintenance and operating (mills/kWh) 

2.5 

2.7 

2^3 . 

2.2 

2.5 

■ i 

Total (mills/kWh) 

13*1 

35,0 

33.3 

32,8 

33.0 

Ep 

Sensitivity 






B 

Capacity factor ■ 0. 50 (total mills/kWh) 

10.7 

63*2 

61.0 

60.6 

*0,6 

4 

Capacity factor ■ a 80 (total mills/kWh) 

.2(1,3 

29.9 

28, 5 

28. 1 

2 a. 3 

'' 

Capital A = 20 percent (Amilis/kWh) 

4,6 

6.9 

6.7 

6.6 

6.6 

R 

Fuel A « 20 percent (Amills/kWh) 

L.5 

1.5 

1.5 

1.5 

1.5 

,i 

i „ 

Estimated Time for Construction (years) 

5 

5 

t 

5 

5. 

jj 

■ 1 ) 

Estimated Date of 1st Commercial Service (year) 

1567 

1967 

1987 

1987 

1987 
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PFB 

tPFBL 

SRC' 
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Table 2.6-7 

ADVANCED STEAM CYCLE 
‘ARAMETRIC VARIATIONS FOR TASK I STUDY 



ressurtzed fluidized bed 
ressurtzed fluidized bed (recuferative) 
olvent refined coal 
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T 3 . 0 Is 2 * 6-6 


SUMMARY SHEET 

ADVANCED STEAM CYCLE BASE CASE 


CYCLE PARAMETER 


PERFORMANCE AND COST 


Wet PCrvtr Output WWi) 

furnace and cm.Tvoa 

Prime Cycle 
Ihroltte 
Pslg 

Reheat (°FI 
Feed PFI 
Condenser (Hgas 

Heat Rejection 


745 

Atmospheric fluidized bed 
Illinois No. 6 

3500 

1200 

1000 

510 

1.5 

Wet cooling taxer 


Itiermodynamlt efficiency Ipercenll ©.4 

Powerptant efllclency (percent) 37 . 7 

Overall energy ■efficiency (percent) 37.7 

Plant capital cost IS * ID 6 ! 53 S 

Plant capital cosl isawel 722 

Cost ol electricity I millslkWh) 33,1 

■ 1 IIRA 1 RESOURCES 

Coal i.V.Vhl 0,!4 

Water IsallkWlt) 

Total 0.423 

cooling 0.393 

Processing 0 

Makeup 0.030 

NO, suppression 0 

Slack gas cleanup 0 

Ural jacresJlCO MWel 4.70 


MAJOR COMPOHEHT CHARACTER! SHCS 


Unll or Module 


MiSorComoonenl 

StielfU 

(Wx LlorOlx HI 

Weigh! fit) 
UllPI 

Cost 
IS x 10 ®) 

Units 

Required 

Steen ItirMne-generetor 

30 1 174 x 25 

b .5 

69.4 

1 

Furnace nodules 

12 x 30 x 150 

1 4 

103 

3 L 89 


ENVIRONMENTAL INTRUSION 





Lhll^-Blu 


UJkWh 




Input 


Output 



S 02 

l.tB 


9 . 79 x 10*3 



NO, 

0.27 


2 .© x ID * 3 



HC 

■■ 


-- 



CO 

0,21 


1 , 90 x 10-3 



Particulates 

0 . ID 

BlulkWb 

0.91 x ID -3 



Heat (o water 


456 Q 




Heat, total rejected wastes 

LbftWh 

5 S» 

LtYOay 

Total Cost 

S/kW 

Wastes 




!$ x 10*1 

Output 

Furnace solids 

0.145 


2 , 515 x 106 

69. 4 

93.1 

Fins dust Irani cyclones 

0.113 


2.022 x IB 4 

40.2 

54.0 

Fly ash 

0.016 


0 . 2 S 3 X ID 5 
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Table 2.6-8 (Page 1 of 3) 

CAPITAL COSTS DISTRIBUTIONS FOR ADVANCED STEAM CYCLE 



CASE NO. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

major components 

PRIME CYCLE 

STEAM TUaB-GEN MMs 

PR I MART HeAt input and fuel system 

69.4 

66.6 

79.4 

138.6 

*9.4 

95.4 

121.4 

70.2 

69.7 

24.5 

furnace modules 

MMs 

40,2 

29.7 

60.3 

80.4 

40.6 

40.2 

40.5 

41.9 

43.0 

42.2 

low temp air prfheater 

MMs 

z. a 

2.1 

4.3 

S.7 

2.8 

2.8 

2.7 

2.B 

3.0 

3.0 

PRESSURIyiNG GAS TURBINE 

MHS 

0, 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

(CQMP-GEN-HEAt EXCH> 

GASIFIER (INCLUDING BOOST 

MHS 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

STEAM TURB-COMP 

'SUB-TOTAL O' MAJOR COMPONENTS 

MH S 

1 12.4 

96,4 

143.9 

224,8 

U2,fl 

138.3 

164.6 

114.9 

115.7 

69.7 


balance of plant 


COOLING TOWER 

MMs 

5.0 

3.8 

7.5 

10,0 

5.0 

5. 

0 

5.0 

5.0 

13.5 

5.0 

STACK -GAS CLEAN-UP EQUIP. 

MMS 

0. 

0. 

0. 

0. 

0. 

0. 


0 . 

0. 

0, 

0* 

ALL OTHER 

MMs 

141.1 

109.2 

211,7 

282.3 

141,1 

141. 

1 

141.1 

141.1 

138.9 

141.1 

SITE LABOR 

HMs 

37.2 

28.7 

55.8 

74,4 

37.2 

37. 

2 

37.2 

37.2 

43.6 

37.2 

sub-total of balance of plant 

MM$ 

183.3 

141.7 

275.0 

366.7 

183.3 

1 83. 

3 

183.3 

1 B 3.3 

196.0 

183.3 

contingency 

MMS 

59,2 

48,0 

83.8 

118.3 

59,2 

64. 

3 

69.6 

59,6 

62.3 

50.6 

ESCALATION COSTS 

MM$ 

84,8 

68.8 

143,8 

169.7 

34.9 

92. 

3 

99.8 

85.5 

89,4 

72.6 

interest during construction 

MMs 

1- 

♦ 

CO 

0* 

80.1 

177.1 

197,4 

93. a 

107. 

3 

116.1 

99.5 

104.0 

Cn 

-P- 

* 

> 

total CAPITAL COST 

HMS 

538.4 

437,0 

323,6 

1076.8 

539,2 

5 B 5. 

6 

633.4 

542.9 

567.4 

460,6 

MAJOR COMPONENTS cost 

S/CWE 

150.9 

176,0 

128.7 

151.5 

151.4 

185. 

4 

220.2 

154.2 

155.7 

94,4 

BALANCE of PLANT 

S/KWE 

246.1 

253 , S 

245.8 

247. 0 

246.0 

245. 

7 

245. 2 

246,1 

263.8 

248,3 

contingency 

S/KWE 

79,4 

05.9 

74,9 

79.7 

79.5 

36. 

2 

93.1 

80.1 

83.9 

68.5 

ESCALATION COSTS 

S/KWE 

113,8 

123.2 

128.5 

114.3 

114.0 

123. 

6 

133.5 

114.8 

120,3 

98.3 

interest during construction 

S/4WE 

132.4 

143,3 

158,3 

133.0 

132,6 

143. 

8 

155.3 

133.6 

140,0 

114.3 

total CAPITAL cost 

S/KWE 

722,6 

782,0 

736.3 

725.5 

723,4 

784. 

a 

347.2 

728.7 

763.0 

623.9 


OiUvij'V d; 


-W JL \J 




65 



Table 2.6-8 (Page 2 of 3) 

CAPITAL COSTS DISTRIBUTIONS FOR ADVANCED STEAM CYCLE 



CASE NO. 

u 

12 

13 

1* 

IS 

16 

l? 

18 

19 

MAJOR COMPONENTS 











PRIME CYCLE 











STEAM TURB-GEN 

KK.I 

23. B 

*9,* 

7*. 9 

BO. 8 

59 .* 

69.* 

69.4 

69,4 

69,4 

PRIMARY HEAT INPUT AND FUEL SYSTEM 










FURNACE MODULES 

MHs 

59,3 

39,5 

*0,2 

37.7 

45.6 

*0,5 

32.1 

36,6 

33.6 

LOW TEHP AIR PREHEATER 

MMs 

2.9 

2.9 

2.0 

2.7 

3.2 

3.0 

2.5 

2.6 

2.4 

PRESSURIZING GAS TURBINE 
< COMp-GEN-HEAT EXCHl 

MMs 

0. 

0. 

0, 

0. 

0. 

0 . 

0. 

0, 

0. 

GASIFIER (INCLUDING BOOST 
STEAM TUR9-C0MP 

HM* 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

Sub-total of major components 

MRS 

66.0 

91,7 

ne.o 

121.2 

110.2 

112.0 

10 *. 0 

100.5 

105.4 

balance of plant 











cooling tower 

MRS 

5.0 

5.0 

5.0 

5.0 

5,0 

5.0 

5.0 

5.0 

5.0 

STACK-GAS Cl£AN_UP FQU1P, 

MMj 

0. 

0. 

0. 

0* 

0. 

0. 

32.4 

32.4 

32.4 

ALL OThEr 

MH* 

1*1,1 

1*1.1 

1*1.1 

1*1,1 

1*6.2 

1*1.1 

1*5.3 

152.3 

1*7,9 

SITE LABOR 

MM* 

37,2 

37 ' 

37,2 

37.2 

*3.0 

37.2 

39.7 

42.7 

*0.8 

SUB-TOTAL OF Balance of PLANT 

MHS 

183.3 

183, 

103.3 

103.3 

194.2 

183.3 

222.* 

232,4 

226.1 

CONTINGENCY 

MMS 

*9,9 

55.0 

60,3 

60.9 

62.5 

59.2 

65.3 

60,2 

66.3 

ESCALATION costs 

MMs 

71.5 

70.9 

86,* 

07,3 

09,6 

8*. 9 

93,6 

97. B 

95.1 

interest during CONSTRUCTION 

MMJ 

fla. 2 

91,8 

100.5 

101.6 

1°4.2 

9B.B 

100.9 

113.7 

110.0 

total capital cost 

MMS 

*5*,0 

500.0 

5*0.5 

55*.* 

560,6 

539.2 

594.1 

620.6 

603.4 

MAJOR COMPONENTS COST 

S/ICWE 

80.7 

123.2 

158,2 

162.3 

159.* 

151.0 

136.3 

1*2.9 

138,3 

balance of plant 

*/<WF 

2*6.* 

2*6.1 

2*5,9 

2*6.5 

262.0 

2*6.7 

291.6 

306.2 

296.0 

contingency 

s/kwE 

67.0 

73,9 

80.0 

01.6 

6*. 3 

79.7 

85.6 

09.0 

07,0 

ESCALATION COSTS 

S/KWE 

96.1 

105,9 

115.9 

117.0 

120,9 

114.3 

122.7 

128,0 

124.0 

INTEREST during construction 

S/<WF 

111.0 

123.2 

13*. B 

136.1 

1*0.6 

133.0 

1*2.0 

1*9.0 

1*5,2 

TOTAL CAPITAL cost 

5/<hE 

610.1 

672,2 

735.6 

7*2.* 

767.2 

725.5 

770.9 

817.5 

792.1 


20 


69.* 

2a.? 

2*3 

0 . 

0. 

100 .* 

5.0 

13.0 

130 ,? 

29.5 
178.2 

35.7 

79.9 

92.9 

507.1 

130.0 

232.2 

72.6 

10*. 1 

121.1 

660. B 
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Table 2.6-8 (Page 3 of 3) 


CAPITAL COSTS DISTRIBUTIONS FOR ADVANCED STEAM CYCLE 



CASE NO. 

21 

22 

23 

24 

25 

26 

27 

28 

MAJOR COMPONENTS 










PRIME CtCLf 










STEAM TUPB-GEfi 

MMS 

69. A 

69.4 

69, A 

66.6 

66.6 

66.6 

69.4 

69.4 

PRIMARY HfAT INPUT AND FUEL SYSTEM 









FURNACE MODULES 

MMS 

11. Z 

11. A 

11.2 

53.2 

58.6 

52.0 

79.5 

40.3 

LOW temp AIR PRFHgATER 

MWs 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

2.8 

PRESSURI7ING GAS TURBINE 
IC3PP-GEN-HFAT EXCHI 

MMS 

90.2 

96. 7 

95, A 

21.0 

22.9 

21.4 

39.4 

0. 

GASIFIER < including BOOST 
STEAM TURB-COMP 

MM* 

29A. 2 

356.2 

320.1 

0. 

0, 

0. 

0, 

0. 

SUB-TOTAL OF Major COMPONENTS 

MMS 

ASA #9 

53S.7 

A96.1 

140,8 

148.1 

140.7 

188.2 

112.5 

balance of plant 










COOLING TDKfR 

MMs 

6.0 

6.0 

6.0 

6.0 

6.0 

6.0 

6.0 

20.0 

stack-gas clean-up fouip. 

MMS 

0, 

0. 

0. 

0. 

0, 

0. 

0, 

0. 

ALL OTHER 

HMS 

15A.7 

164.8 

160,0 

130,2 

144.0 

135.7 

142,5 

153.2 

SITE LABOR 

MMs 

46,8 

51. A 

49,3 

31,1 

36,3 

31.5 

37.8 

48.5 

SUB-TOTAL OF BALANCE OF PLANT 

MMs 

207.5 

222.2 

215.3 

167.3 

186.3 

173.2 

186.3 

221.7 

CONTINGENCY 

MMs 

13A. 5 

151.6 

142.3 

61,6 

46.9 

62,8 

74.9 

66, .8 

ESCALATION COSTS 

MMS 

172.9 

217. a 

204,0 

66 ,4 

95,9 

90.0 

107.4 

95,9 

INTEREST during construction 

MM$ 

22A.A 

252.9 

237.4 

102.8 

111,6 

104.7 

125.0 

111,5 

total capital cost 

MMs 

122a, 1 

1379.8 

1295.1 

560.9 

608.7 

571.4 

68t .9 

608.4 

major components cost 

S/KwE 

270.9 

291.7 

275.8 

189.0 

189.5 

IB9.9 

188.2 

151,4 

BALANCE OF plant 

S/KWE 

120.9 

121.0 

119.7 

224.6 

238.3 

233.7 

1B6.3 

298.3 

contingency 

S/KWE 

70. A 

82.5 

99,1 

62,7 

B5.5 

B4.7 

74.9 

89,9 

ESCALATION COSTS 

S/KWE 

112.9 

lib. a 

113.4 

118.6 

122.7 

121.5 

107.4 

129.0 

INTEREST DURING CONSTRUCTION 

S/KWE 

130,7 

137.7 

132.0 

138.0 

142.7 

141,4 

124.9 

150, D 

TOTAL CAPITAL COST 

S/KWE 

713.2 

751,4 

720.0 

752,8 

778.7 

771.2 

681.6 

818,6 



Table 2.6-9 


POWER OUTPUT AND AUXILIARY POWER DEMAND 
FOR BASE CASE AND PARAMETRIC VARIATIONS: 
ADVANCED STEAM CYCLE 



CASE no. 

L 

2 

3 

4 

5 

6 

7 

S 

9 

10 

prime cycle power output 

MW 

800.0 

600,0 

1200,0 

1600,0 

000,0 

BOO, 0 

800.0 

800.0 

800.0 

800.0 

bottoming cyclf power output 

MW 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

furnace power output 

MW 

0, 

0. 

0, 

0. 

0. 

0. 

0. 

0, 

0. 

0. 

balance of plant aux. power 

REO'D. MW 

19.0 

14.6 

27,5 

44.0 

19.0 

18.7 

.9.0 

19.0 

19.0 

19,0 

furnace aux, power req»d. 

MW 

31.9 

23,6 

47.9 

63.8 

31.T 

31.2 

30 .' f 

31.9 

34,1 

38,7 

TRANSFORMER losses 

MW 

4.0 

3.0 

6.0 

8,0 

4.0 

4,0 

4.0 

4,0 

4,0 

4.0 

NET STATION output 

MW 

745.1 

558.7 

1118.6 

1484.2 

745,3 

746.2 

747.7 

745.1 

742.9 

738.3 


CASE NO. 

U 

12 

13 

14 

15 

16 

17 

18 

19 

20 

prime cycle power output 

MW 

800.0 

800,0 

800.0 

800.0 

800,0 

600.0 

000.0 

800.0 

800.0 

800.0 

bottoming cyclf power output 

MW 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

FURNACE POWER OUTPUT 

MW 

0. 

0, 

0, 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

BALANCE OF plant aux. POWER 

REO'D. MW 

19.0 

19.0 

19.0 

18.5 

19.0 

19.0 

20.0 

20,0 

20,0 

20.0 

FURNACE AUX. POWER REO'D. 

MW 

32. 9 

32.1 

31.3 

30.7 

35.9 

33.8 

13.2 

16.9 

14,2 

8,6 

TRANSFORMER LOSSES 

MW 

4,0 

4.0 

4.0 

4.0 

4.0 

4.0 

4.0 

4,0 

4.0 

4.0 

NET STATION OUTPUT 

MW 

744.1 

744.9 

745.7 

746.8 

741.1 

743.2 

762.0 

759.1 

761.8 

767.4 


CASE NO, 

21 

22 

23 

24 

25 

26 

27 

20 



prime cycle power output 

MW 

800.0 

800,0 

800,0 

600.0 

600.0 

600.0 

800.0 

600.0 



bottoming cyclf power output 

MW 

0, 

0. 

0. 

0. 

0. 

0. 

0. 

0. 



furnace power output 

MW 

944.0 

1064,6 

1027.0 

177.0 

213.8 

171.4 

237.0 

0. 



balance of plant AUX, POWER REO'D. MW 

19.0 

19.0 

19,0 

19,0 

19,0 

19.0 

19.0 

20.9 



furnace aux. POWER REO'D. 

MW 

0. 

0, 

0. 

9.0 

9.0 

7.6 

12.4 

31.9 



transformer losses 

MW 

a. 7 

9.3 

9,1 

3,9 

4.1 

3.9 

5.2 

4.0 



net station output 

MW 

1716.3 

1836.3 

1798.9 

745.1 

701.7 

740.9 

1000.4 

743.2 
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DISCUSSION OF RESULTS 
Plant Size Influence 

It was anticipated that some advantage would be gained 
through increased plant size. Cases 1 through 4 explore, this at 
generator ratings of 800, 600, 1200, and 1600 MW, respectively. 

The results show that the 600 MW plant. Case 2, is indeed more 
costly, but all the others show little differentiation. The bal- 
ance of plant costs were nearly identical at $246/kW, The modu- 
lar nature of the furnaces resulted also in a uniform cost per 
kilowatt. The steam turbine-generators showed distinct differ- 
ences. The 600 MW unit was most costly per kilowatt. The 1600 
MW plant was composed of two 800 MW units, so it was identical 
to the base case for 800 MW. The 1200 MW unit using a six-flow 
turbine was the least expensive turbine-generator. This saving 
was offset by the added year of construction time attributed to 
this very large unit. The result was that above 600 MW there 
was a nearly constant capital cost resulting in a per unit gen- 
eration cost of 33 mills/kWh for the advanced steam turbine at 
conditions of 3500 psig, 1200 F/.mO0 F (2.42 x 10? N/m 2 , 922 K/ 

811 K) using the atmospheric fluidized bed steam generators. 

Advanced Steam Condition Influences 

Ten variations were explored about the base case conditions 
with nominal 800 MW generation (738 to 748 MW net station output) 
using atmospheric fluidized bed steam generators and Illinois No. 6 
coal. In every case the balance of plant cost was between 245 and 
248 dollars per kilowatt. Except for the two cases noted the 
throttle pressure was 3500 psig (2.42 x 10? N/m 2 ). Table 2.6-10 
presents the thermodynamic and economic results of these evalua- 
tions in the order of increasing overall energy efficiency. 

These results clearly show that the fuel savings resulting 
from increased efficiency do not offset the increased cost of 
major equipment. The two cases with conventional 1000 F/1000 F 
(811 K/811 K) throttle and reheat are distinctly more economic 
then the higher temperature cases. Case 12 with conventional 
throttle conditions and 1200 F (922 K) reheat is the economically 
superior case with advanced steam conditions, and it realizes a 
one point efficiency advantage over standard conditions. This 
particular configuration avoids advanced temperature in the super- 
critical pressure sections of the steam generator and the steam 
turbine and throttle valves. The high temperature is realized at 
a more modest level of 700 psi (4.82 x 10 6 N/m 2 ). These several 
factors result in the recommendation that these conditions be con- 
sidered for Task II. The heater above reheat point (HARP) varia- 
tion of Case 5 shows both modest thermodynamic and economic advan- 
tages over the base case. The double reheat Case 14 should be 
compared with Case 12. The result is that a second reheat achieves 
measurable thermodynamic gain, but at the expense of a 6 percent 
poorer cost of electricity. 
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Table 2,6-10 


THERMODYNAMIC AND ECONOMIC IMPACT OF 
ADVANCED TURBINE STEAM CONDITIONS 


Throttle and Reheat 
Conditions 
(psig/°F/°F) 

Overall 

Energy 

Efficiency 

(%) 

Electricity 

Pncit' 

(mills/kWh) 

Case 

Number 

2400/1000/1000 

35.3 

30.5 

10 

3500/1000/1000 

36.5 

29.8 

11 

3500/1000/1200 

37.5 

31.5 

12 

3500/1200/1000 (Base Case) 

37.7 

33.1 

1 

4000/1200/1000 

37.7 

33.3 

8 

3500/1200/1000 560 F HARP* 

38.0 

33.0 

5 

3500/1000/1400 

38.5 

33.3 

13 

3500/1200/1200 

38.7 

34.8 

6 

3500/1000/1200/1200 F 

39.3 

33.3 

14 

3500/1200/1400 

39.8 

36.6 

7 


*HARP = heater above reheat point 


Fuel and Combustion Option Influences 

The effects due to use of various fuels were investigated 
through thirteen parametric points wherein the steam turbine con- 
ditions were those of the base case, 3500 psig, 1200 F/1000 F 
(2.42 x 10? N/m 2 , 922 K/811 K) f condensing at 1.5 inches mercury 
absolute (5.07 x 10 2 N/m 2 ). In all cases the progression of elec- 
tric costs was least for Illinois No. 6 coal, intermediate for 
Montana Sub-Bituminous coal, and greatest for North Dakota Lig- 
nite, with the single case with Solvent Refined Coal showing the 
highest electric cost. These points also show that among the 
various combustion options the progression was as follows : least 

costly-atmospheric fluidized bed; pressure-fired low-Btu integrated 
plant second; conventional fired plant third; and the pressurized 
fluidized bed plant most expensive. However, Case 27 with an 
800 MW steam turbine-generator in a pressurized fluidized bed 
plant produced less costly electricity than any of the foregoing 
cases. This indicates that the three PFB cases may have been ad- 
versely affected by the choice of a 600 MW steam turbine for 
their evaluation. 

The comparison of electricity production costs for the thir- 
teen cases is presented in Table 2,6-11. 


70 



Table 2.6-11 


COMPARISON OF FUEL AND COMBUSTION EFFECTS 
ON ELECTRIC PRODUCTION COSTS, 
Mills/kWh (Case No. ) 


Combustion Configuration 

111. No. 6 

N.D. 

Mont. 

SRC 

Pressurized fluidized 
bed (recuperative) 

32.2(27) 

— 

— 

1 

Atmospheric fluidized 
bed 

33.1(1) 

35.2(15) 

33.4(16) 

— 

Pressure-fired low-Btu— 
combined 

34.3(21) 

35.3(22) 

34.6(23) 

— 

Conventional fired 
boiler 

34.4(17) 

36.2(18) 

34.9(19) 

38.6(20) 

Pressurized fluidized 
bed (feedwater heat- 
ing) 

34.6(24) 

35.7(25) 

35.4 (26) 

■ ■ 


Note: 111. = Illinois N.D. - North Dakota 

Mont. = Montana SRC = solvent refined coal 

Dry Cooling Tower Influences 

Cases 9 and 28 as contrasted to Base Case 1 show an increase 
of 1.8 mills/kWh for use of 3.45 in. Hga (1.16 x 10^ N/m 2 ) with a 
60 F (288 K) initial temperature difference dry cooling tower, 
and an increase of 3.0 mills/kWh for use of 1.9 in. Hga (6.42 x 
10 2 N/m z ) with a 40 F (277 K) initial temperature difference dry 
cooling tower. 

Observations 


The capital cost distributions are presented in Table 2.6-8 
with a summary in Table 2.6-12. Because of the modular nature of 
the AFB and PFB steam generators, the major variation in major 
component costs are due to advanced steam turbines or addition of 
gas turbines. The balance of plant costs are fairly uniform in 
dollars per kilowatt for each type of configuration. The low 
value for the pressure- fired low-Btu gas Cases 21 thru 23 corre- 
lates with the gasifier and bottoming steam turbine cost alloca- 
tion to major equipment. The low value for balance of plant for 
the single PFB case with an 800 MW steam turbine using recupera- 
tive gas turbines. Case 27, indicates a 10 percent increase in 
balance of plant for a 33 percent increase in rating for most 
elements of the plant as compared with the three earlier PFB 
Cases 24 thru 26. The AFB plant with conventional 3500 psig, 

1000 F/1000 F (2.42 x 10? N/m 2 , 811 K/811 K) conditions. Case 11, 
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shows that the capital advantage accrues almost entirely to reduced 
steam turbine-generator cost and not to the balance of plant nor to 
furnace module cost as compared with Base Case 1. 

Table 2.6-12 


CAPITAL COST SUMMARY FOR STEAM PLANTS OF 
3500 PSIG, 1200 F/1000 F 


Configuration 

AFB 

AFB* 

CF 

PFB 

(PFB) r 

PF 

Major components 

$/kWe 

150 

90 

140 

190 

190 

270 

Balance of plant 

$/kWe 

250 

250 

290 

225 

190 

120 

Total 

$/kWe 

725 

610 

780 

750 

680 

715 

Case no. 


1 

11 

17 

24 

27 

21 


*3500 psig/1000 F/10Q0 F steam conditions 


Note: AFB = atmospheric fluidized PFB - pressurized fluidized 
bed bed 

CF = conventional furnace (PFB) R = pressurized fluidized 

PF = pressure-fired bed, recuperative 

Dominant cost factors for all plants were the balance of 
plant, contingency, and interest during construction. The pres- 
sure-fired boilers presented an unusually complex sequence of 
apparatus that would merit greater efforts toward integration and 
simplification. For example, the steam produced by the heat re- 
covery steam generators that follow the gas turbines would be 
more efficiencly expanded in the large main turbine rather than 
in a separate bottoming steam turbine. 

RECOMMENDED CASES 


The atmospheric fluidized bed furnace-steam generator with 
3500 psig, 1000 F (2.42 x 107 N/m2, 811 K) , throttle and reheat 
to 1200 F (922 K) (Case 12) is recommended for further study in 
Task II. Table 2.6-10 shows that this case increases efficiency 
at a minimal increase in cost of electricity as compared with 
conventional steam conditions for Case 11. 

In addition each of the following cycle modifications though 
not studied would contribute to increased efficiency or reduced 
cost and may be more beneficial than the substantial departures 
from state-of-the-art temperatures that were investigated. 

1. Heater above the reheat point (HARP) 

2. Throttle temperature at 1050 F (839 K) 
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3. Unit rating to utilize maximum limiting flow to last 
stages of turbine 

4. Condenser pressure optimized for wet cooling tower in 
the range of 2.0 to 3.5 inches of mercury absolute pres- 
sure (6.75 x 103 to 1,18 x 104 N/m 2 ) 

5. To achieve the 37.5 percent overall efficiency of the 
3500 psig, 1000 F/1200 F (2.42 x 10 7 N/m 2 , 811 K/922 K) 
recommended C^se 12, utilize a combination of state of 
the art conditions of 4000 psig, 1000 F throttle, 1025 F 
first reheat, and 1050 F second reheat (2.77 x 10 7 N/m 2 , 
811 K/825 H/839 K) . 


REFERENCES 

1. Spencer, R.C., Cotton, K.C. , and Cannon, C.N., "A Method for 
Predicting the Performance of Steam Turbine-Generators... 
16,500 kW and Larger," ASME Paper 62-WA-209, November 1962. 

2. "Heat Rates for Fossil Reheat Cycles Using General Electric 
Steam Turbine- Genera tors 150,000 kW and Larger," GET-2Q50C, 
February 1974. 
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2.7 LIQUID METAL TOPPING CYCLE 


DESCRIPTION OF CYCLE 


The liquid metal topping cycle is described in Figure 2.7-1, 
which shows the arrangement of components for the potassium base 
case (Case 1) . The arrangement for the cesium base case (Case 17) 
is identical to Case 1* The parameters corresponding to each of 
the 18 liquid metal topping cases are shown later in this section 
under "Discussion of Results." 

The system shown in Figure 2.7-1 burns coal directly in at- 
mospheric fluidized bed furnaces, in which heat is transferred to 
potassium at a boiling temperature of 1400 F (1033 K) . The po- 
tassium vapor, at a saturated condition, enters six double-flow 
turbines. After expansion through the turbines, the wet vapor 
is condensed, and the rejected heat is used to boil and reheat 
steam for the bottoming cycle. A set of liquid metal pumps re- 
turns liquid potassium to the boiler. 

The bottoming cycle is a steam system with conventional 
temperatures of 1000 F (811 K) leaving the boiler and reheater, 
and a pressure of 3515 psia (24.2 MN/m 2 ) leaving the boiler. 

Steam is condensed in a set of wet cooling towers. 

Major variations of components from the base cases included 
substitution of pressurized furnaces (PF) and pressurized fluid- 
ized beds (PFB) for the atmospheric fluidized bed (AFB) furnaces, 
and substitution of dry cooling towers for the wet cooling towers. 
One case also considered the addition of a regenerative feed 
heater in the liquid metal circuit. 

Most of the cases were ran with potassium, and only two cases 
used cesium as the topping cycle working fluid. Potassium was 
favored because substantially more information exists for com- 
ponent performance and material compatibility for potassium than 
for cesium. 

A turbine inlet temperature of 1400 F (1033 K) was selected 
for most cases because considerable turbine testing has been done 
in this temperature range, and less expensive alloys can be se- 
lected for operation at this lower temperature. 

The atmospheric fluidized bed is limited in temperature to 
about 1550 F (1116 K) for reasons of degradation of sulfur removal 
at higher temperatures. Therefore, the potassium turbine inlet 
temperature is limited to about 1500 F or below with the atmos- 
pheric fluidized bed. A higher turbine inlet temperature was in- 
vestigated with a pressurized furnace. 

The condensing temperature of potassium was set at 1100 F 
(866 K) . At lower temperatures the vapor density decreases con- 
siderably, thus greatly enlarging the low-pressure turbine stages. 
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Because this condition is not so severe with cesium, the condens- 
ing temperature for the cesium base case was lowered to 1000 F 
(811 K) . A second cesium case was run at 1100 F condensing tem- 
perature, for comparison with the potassium base case. 

ANALYTICAL PROCEDURE AND ASSUMPTIONS 

The starting point for the analysis of liquid metal topping 
systems was a report (ref. l) covering earlier work on potassium 
topping systems for central station power. That rep- rt gives de- 
tails on the basic analytical procedures and assumptions, and a 
list of references to the literature that served as background 
for the present study. 

Cycle Calculations 


Cycle calculations were carried out with the use of a com- 
puter program described in Reference 1. The computer program 
calculated the entire power system, including the furnace and the 
bottoming cycle. However, only results from the liquid metal part 
of the calculation were used in this study; the furnace/liquid-metal 
boiler, bottoming cycle, etc., were calculated separately using the 
same procedures that were applied to all other energy conversion 
systems in this study. 

Inputs to the liquid metal calculation included liquid metal 
turbine efficiency, liquid metal pump efficiency, and pressures 
and temperatures throughout the liquid metal circuit. 

Properties of potassium and cesium were tabulated from Ref- 
erences 2 and 3., and were included as input data to the com- 
puter calculation. Power output from the steam bottoming system 
was an input to the calculation. From this input, flow rates in 
the steam bottoming system were computed, from which liquid metal 
flow rates and power output from the liquid metal topping system 
were calculated. Liquid metal pump power was subtracted from the 
generator power output to arrive at a net power output from the 
liquid metal topping system. 

Metal Vapor Turbine 


A separate computer program was used for calculation of the 
metal vapor turbine. The performance of each stage was calculated 
sequentially, using the Ainley and Mathieson method (ref. 4), 
which is a one-dimensional pitchline analysis. This analysis ac- 
counts for profile losses, secondary flow losses, and tip clear- 
ance losses. 

Free vortex flow was assumed in calculating the hub-to~tip 
velocity distribution. This distribution was obtained to check 
whether there was negative reaction at the hub. In cases where 
negative reaction was found, corrective design changes were made. 
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The calculation method was verified for small-scale turbines 
by comparing predicted performance with actual performance of 
small turbines developed for space power systems. 

Turbines were designed with as many as four stages. For the 
high- temperature cases (Cases 10 and 11) , separate high-pressure 
turbines were designed with a single stage. In most cases, the 
turbines were designed in modules with a double-flow arrangement, 
that is, with each module having two sets of turbine stages in 
parallel. 

Turbine speeds ranged from 1200 to 3600 RPM. Blade root di- 
ameters were designed within the range of 60 to 80 in. (1.52 to 
2, 03 m) . 

A turbine efficiency of 81 percent was calculated for the 
base case, and this isentropic efficiency was applied to all cases 
in this study. 

Further design details of the metal vapor turbines can be 
found in Reference 1. 

Liquid Metal Pump 


Liquid metal pumps are centrifugal pumps of the type manu- 
factured for the liquid metal fast breeder reactor program. Each 
pump has a capacity of 4500 gal/min (0.284 m 3 /sec) 

Liquid Metal Dump Tanks 


The liquid metal dump tanks are for storing potassium or 
cesium while the system is not operating. The potassium or cesium 
is maintained in the liquid state by circulating hot gas in the 
dump tank j acket . 

The dump tank also serves to maintain cleanliness of the li- 
quid metal by means of a zirconium getter within the tank. 

Stress 


Stress calculations were performed only on the rotor of the 
metal vapor turbine. Stresses were not calculated in walls of 
liquid metal piping and vessels because low pressures resulted in 
low stresses in those regions. 

Within the metal vapor turbine, stresses were calculated at 
the bucket roots, and in the high stress region near the center 
of the unbored wheel. The maximum allowable stress was based on 
a cr^ep criterion of 0.2 percent over a thirty-year life (at a 
capacity factor of 65 percent) at operating temperature. 

Transient thermal stresses were not calculated. 
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DESIGN AND COST BASIS 


Size, weight, and cost of the major components of the liquid 
metal circuit were estimated, using the results of Reference 1 
as a starting point. In this section, the derivations of these 
sizes, weights, and costs will be described. 

Since the costs of Reference 1 were in terms of 1972 dol- 
lars, all costs were escalated by 8 percent the first year, and 
10 percent the second year, to put the costs on the basis of 1974 
dollars. The cost multiplying factor was 1.08 x 1.10, or 1.188. 

Metal Vapor Turbine 


The designs of potassium turbines are described in Refer- 
ence 1 (sections beginning on pp. 21, 24, and 49). The sizes, 
weights, and costs for the present study were derived from those 
designs, using conventional scaling laws that apply to turbo- 
machinery . 

For turbomachinery, weight varies directly with volume, and 
power varies directly with flow or annulus area, assuming geo- 
metric similarity. Thus, weight = KL 3 , and power - CL 2, where K 
and C are constants, and L is a characteristic length, for exam- 
ple, the length of the last stage blade. The weight per unit 
power is therefore approximately proportional to the 3/2 power 
of L. These relationships were used to scale sizes, weights, and 
costs from the original designs to the present study. 

Cost estimates for metal vapor turbines were made in Refer- 
ence 1, and summaries are given (pp. 65, 68-71). 

Turbine sizes, weights, and costs for the various cases are 
summarised below. 

Cases I through 9, and 12 through 16 . For these cases, 
about 300 MW are to be generated by the potassium turbines out 
of a nominal plant total of 1200 MW. Since turbine temperatures 
and pressures are the same for all these cases, a single turbine 
design was used. The basic design used was the four-stage tur- 
bine described in Figure 13 and Table 16 of Reference 1 (pp. 

52, 53). That turbine was designed to produce 113 MW at 1200 RPM, 
using the same potassium conditions as the base case. By scaling 
this turbine to 2/3 size at 1800 RPM., the disk size is reduced 
from 120 in. to 80 in. (3.05 to 2.03 m) diameter and the turbine 
can produce (2/3) 2 x 113 or 50 MWe. Therefore six double-flow 
turbines the size of the original design would produce the de- 
sired 300 MWe. 

After the stresses in the rotating parts were calculated, it 
was concluded that some of the disk materials were marginal for 
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the life. The second-stage disk was changed from Rene''" 41 to Astro- 
loy, the third-stage disk was changed from Inco 706 to Rene'' 41, 
and the fourth-stage disk was changed from Inco 706 to Inco 718. 

The costs were estimated as described in Table 24 of Reference 
1 (p. 71), substituting materials as indicated above. The weight 
and cost of materials were scaled for the higher rotative speed and 
smaller size, using the scaling relationships described above. Labor 
costs were estimated as a function of last stage bucket height. 

In summary. Figure 13 of Reference 1 is scaled by 2/3 to 
get the turbine dimensions at 1800 RPM. For the base case, six 
double- flow turbines driving two generators are required for 300 
MW output. Each double- flow turbine module is 27 ft long and 15 
ft high (8.23 and 4.57 m) (not including the generator). The 
total weight for six turbines is estimated as 2.22 x 10 6 lb (1.01 
x 10® kg) . The total cost of the six turbines with two generators 
is estimated to be $43.3 million. 

Case 8, with a nominal capacity 50 percent greater than the 
rest of the cases, utilizes nine double-flow turbine modules of 
the same size as above, and three generators, for a total cost 
50 percent greater than the rest of the cases. 

Case 10 . The turbine for Case 10 has an inlet temperature 
of 1700 F (1200 K)— the highest temperature studied. A potassium 
flow rate of 5.16 million lb per hour (39,000 kg/sec) is required, 
and a net output power from topping cycle of 283 MW is generated. 

A design similar to the high pressure turbine described in Table 
10 of Reference l (p. 25) could be made, but the turbine would 
be only a single- flow machine. It was considered desirable to re- 
duce the disk diameter from 120 in. to 60 in. (3.04 to 1.52 m) by 
increasing the rotative speed from 1800 to 3600 RPM and using 
three or four smaller turbines. Preliminary turbine design cal- 
culations indicated that three turbines with 60 in. diameter disks 
at 3600 RPM would be a feasible design. The stresses were calcu- 
lated for the disk and blades, and the materials of Figure 3 of 
Reference 1 (p. 23) were considered satisfactory if a stress cri- 

terion of 1 percent creep in thirty years was assumed (instead of 
the normal 0.2 percent criterion). This increase in creep was 
considered necessary at the higher temperature. 

The low-pressure turbine is similar to the turbine for the 
base case, but with slightly smaller flow area. The stresses 
were checked for the first stage which operates with 1450 F (1061 K) 
vapor and were found to be acceptable. 

Condensed liquid metal is removed between the high-pressure 
and low-pressure turbines. 

To summarize, there are two high-pressure turbines, one double- 
flow unit 16 ft long by S ft high (4.9 by 2.7 m) , and one single- 
flow unit 11 ft long and 9 ft high (3.35 by 2.74 m) at 3600 RPM 
which generate 112 MW. The weight estimate is 157,000 lb (71,000 
kg) for both units. There will be three double-flow low-pressure 
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turbines, the same as those for the base case, 27 ft long by 15 
ft high (8.2 by 4.6 m) , at 1800 RPM and generating 171 MWe. The 
weight estimate for these three turbines is 1.11 x 10^ lb (503,000 
kg) . The total weight of all potassium turbines for this case is 
1.27 million lb (576,000 kg). The total cost of all turbines with 
generators is estimated to be $27.4 million. This lower cost was 
a consequence of the lower volume flows which permitted smaller 
machinery. 

Case 11 . For Case 11 the turbine inlet temperature is 1500 F 
(1089 K) , which is intermediate between the temperatures of Case 
10 and the rest of the cases. 

The turbines for this case are similar to the designs in , 
Table 10 of Reference 1 (p. 25) , with the high-pressure turbine 

scaled to 3600 RPM (1/2 size) and the low-pressure turbine scaled 
to 1800 RPM (2/3 size). Using the flow rate of 8.9 x 10^ lb/hr 
(67,000 kg/sec) from the performance calculation, it was deter- 
mined that six double-flow high-pressure turbines and six double- 
flow low-pressure turbines are required. The six high-pressure 
turbines are 1/2 scale of Figure 3 of Reference i (p. 23) . Each 
turbine is 16 ft long and 9 ft high (4.9 and 2.7 m) . The total 
weight of all six is 471,000 lb (213,000 kg). The total cost 
(including two generators) is $15.9 million. The six low-pres- 
sure turbines are 2/3 scale of Figure 4 of Reference 1 (p. 27) . 
Each turbine is 27 ft long and 15 ft high (8.2 and 4.6 m) . Total 
weight of all six is 2 x 10^ lb (910,000 kg). 

The cost of the six low-pressure turbines (with two genera- 
tors) is $36.3 million. The high-pressure turbines generate 145 
MW total, and the low-pressure turbines generate a total of 217 
MW. 


The total cost of turbines and generators for this case is 
estimated to be $52.2 million. 

Case 17 * Case 17 is the base case with cesium as a working 
fluidl Using the results of the cycle performance calculations, 
preliminary turbine flow path designs were made for the cesium 
turbines. It was determined that 3 stage turbines with 8 0 in. 
(2.0 m) diameter disks running at 1200 RPM were a feasible de- 
sign. The stresses were calculated and materials were selected. 
The weights were calculated by scaling Figure 13 of Reference 1 
(p. 52) by 2/3 and deleting one stage. The costs were estimated 
using the methods described for potassium turbines. 

There are five double-flow cesium turbines each 25.5 ft long 
and 15 ft high (7.8 and 4.6 m) , running at 1200 RPM and gener- 
ating a total of 381 MWe. The estimated total turbine weight is 
1.68 million lb (760,000 kg). The total cost of turbines and 
generators is estimated to be $33.4 million. 

Case 18 . Case 18 is another cesium case, with the same tur- 
bine inlet temperature as Case 17, but with a high cesium con- 
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densing temperature. The turbines are similar to those of Case 
17, but only two stages are required. Preliminary flow path de- 
signs were made for 80-in. (2.0 m) disk diameter and 1200 RPM. 

Stresses were calculated, materials were selected, and weights and 
costs were estimated as described above. 

This system has three double-flow cesium turbines each 24 ft 
long and 15 ft high (7.3 and 4.6 m) , generating a total of 300 MW 
at 1200 RPM. The estimated total turbine weight is 858,000 lb 
(390,000 kg). The estimated total cost for the turbines plus a 
generator is $20.5 million. 

Pumps and Dump Tanks 

In Reference 1, costs were presented for potassium compo- 
nents including boilers, turbines, condensers, pumps, and dump 
tanks. For the alkali metal pumps and dump tanks, the number of 
these components has been scaled by the liquid volume flow rates. 
The results are summarized below for the cases for which turbine 
costs were estimated. Shown in successive lines are the fluid, the 
mass flow rate, the liquid density, the volume flow rate, the num- 
ber of 4500 gal/min (0.284 m^/sec) pumps required and the esti- 
mated costs. The last two lines indicate the number of dump tanks, 
the same size as those of Reference 1, and the estimated costs. 

It is possible that larger and fewer pumps and dump tanks 
may be less expensive. These options could be considered in fur- 
ther studies. 


Liquid Metal Pump and Dump Tank Costs 


Case 

1-9,12-16 

10 

11 

17 

18 

Fluid 

K 

K 

K 

Cs 

Cs 

Flow Rate, millions Ib/hr 

9.25 

5.16 

8.9 

35.0 

37.0 

Density, lb/ft^ 

44. 

44. 

44. 

97. 

95. 

Flow Rate, gal/min 

26210 

14620 

25220 

44985 

48560 

No. Pumps 

6 

3 

6 

10 

11 

Total Cost, $ millions 

1.782 

0. 891 

1.782 

2.97 

3.267 

No , Dump Tanks 

6 

3 

6 

10 

11 

Total Cost, $ millions 

7.128 

3.564 

7.128 

11. 88 

13.07 


RESULTS 

Results for the study of liquid metal topping cycles are 
tabulated in Table 2.7-1, which includes the major cycle input 
parameters. 

Capital cost distributions are given in Table 2.7-2. 

Summaries giving major c^cle characteristics for the two 
base cases {Case 1 and Case 17) are given in Table 2.7-3 and 
2.7-4. 


Auxiliary losses and power outputs are shown in Table 2.7-5. 
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Table 2.7-1 


PARAMETRIC VARIATIONS FOR TASK I STUDY 
LIQUID METAL TOPPING CYCLE 
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40.5 
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39*6 
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36,4 

37.7 

37.7 

H.l 
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41.5 
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1*4* 
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Table 2.7-2 (Page 1 of 2) 


CAPITAL COST DISTRIBUTIONS FOR LIQUID METAL TOPPING CYCLE 
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7 

S 
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65.0 

43*3 
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l.e 

UR 

i.e 

1.0 

1.0 

1.0 

1.8 

2.7 

1.8 

0.9 

7.1 

7.1 

7.1 

7.1 

7,1 

7.1 

7.1 

10.7 

7.1 

3.6 

2.6 

3.0 

2.6 

2.8 

2.8 

2.8 
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3.9 

3*2 

1 ,4 

30.? 

30. Z 

30.2 

30.2 
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2 1 A . 1 
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76.0 
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0. 

0. 

0. 

0. 

33.1 

0. 

0, 
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0. 

0. 

0. 

0. 
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0. 

0, 

0. 

0. 

0. 
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134. 1 
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0. 
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a. 

0. 

0, 
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0. 
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0. 
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144.3 

146.9 

190,9 

301.4 

226,3 

330.3 

119.7 

120.7 

122.0 

06.3 

06.0 

90.1 

60.9 

119,9 

93.3 

93,0 

205.3 

207,0 

210.7 

1AB.0 

147.6 

154,5 

llS. 2 

205,8 

160,1 

159,6 

252,9 

255.0 

259.6 

102, A 

101,9 

190.4 

145,6 

253.5 

197,3 

196,7 

11 76. A 

1106.0 

1207.3 

040,1 

045,0 

005,3 

677,1 

1170.9 

917.4 

914,6 


jgl&GESiAu 
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Table 2.7-2 (Page 2 of 2 ) 

CAPITAL COST DISTRIBUTIONS FOR LIQUID METAL TOPPING CYCLE 


CASE fl O. 


MAJOR COMPONENTS 
PRIME CYCLF 

LIQUID flFTAl Tl'on-QEf* M«* 

LIQUID MfTAL PUMP 

LIQUID MFTAL DUMP TAN* •'“* 

BOTTOMING CyCLF 

CONDf NSER-t'OILER Mm* 

STEAM TUSH-GEM MM* 

PRIMARY HFAt INPUT AND fufl SYSTEM 

FUPNACF MODULES MM* 

HIGH TFNP AIR PPFHEATER MM* 

LOW Tp«*P A 1 P PHTHeATER HM* 

PRF5Suai7l»C CAS TURBINE Mms 

ICQMP-GEN-HFAT EXCMt 

CASITifP t INCLUDING GOP5T MM* 

STEAM TURB-COMP 

sub-total Of major components mm* 

BALANCE OF PLANT 

COOL INC TOWFP MH* 

ALL OTHER MM* 

SITE LABOR MHS 

sub-total of balance or plant mm* 

CONTINGENCY hr* 

escalation COSTS MMs 

INTEREST DURING CONSTRUCTION MM* 

TOTAL CAPITAL COST MM* 

MAJOR COMPONENTS COST $/XriE 

balance of plant s/kwe 

CONTINGENCY S/KWE 

escalation costs */xwe 

INTEREST DURING CONSTRUCTION S/KWE 

TOTAL CAPITAL cost s/kwe 


11 

12 

13 

16 

17 

18 

52.2 

43. 3 

43.3 

43.3 

33.4 

20.5 

l.R 

1.9 

1,6 

l.B 

3.0 

3.3 

7.1 

7,5 

7.3 

7.4 

11,9 

13.1 

2.4 

2.6 

2.3 

2.7 

3.4 

2.6 

24,7 

30.2 

29,7 

30.2 

24.2 

30.3 

406,8 

205.2 

216.9 

220.2 

171.9 

178.6 

22.5 

27,4 

25.5 

26.0 

24.2 

25.1 

3.7 

3.2 

3.9 

4.0 

3.7 

3.9 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

524.3 

321.2 

330.7 

335.6 

275,6 

277.3 


6.2 

6.2 

6.2 

24.7 

6.2 

6.2 

247.4 

247.4 

247.4 

263.2 

262.4 

262.4 

70,5 

70.5 

70.5 

04,4 

74.2 

74.2 

324.1 

324.1 

324.1 

372.2 

342.7 

342.7 

169.7 

129.1 

131.0 

141.6 

123.7 

124.0 

2° . ’ 

221.4 

224.7 

242*9 

212,2 

212.8 

358,6 

272,8 

276.8 

299.2 

261,4 

262.1 

1667.7 

1268,5 

12B7.3 

1391.5 

1215.6 

1218.9 

486. 7 

295. B 

308.6 

313.1 

244.2 

242.9 

300.8 

298.4 

302.6 

347.3 

303,6 

300.2 

157,, 5 

lie. a 

122.3 

132.1 

109.6 

108.6 

270.2 

203.9 

209,6 

226,6 

188.0 

186.3 

332.9 

251.2 

258.5 

279.2 

231.6 

229.5 

1548.1 

1168.1 

1202.1 

1298.3 

1076.9 

1067.5 
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Table 2.7-3 


SUMMARY SHEET 

LIQUID METAL TOPPING CYCLE BASE CASE NO. 1 

CYCLE PARAMETER PERFORMANCE AND COST 



Net Power Output (MV/el 
Furnace and Coal Type 

1038 

Atmospheric fluidized bed 
Illinois No. 6 

1550 

Thermodynamic ellicienty Ipercent) 
Pcwerplanl elficlency (percent) 
Overall energy elficlency (percent) 
Plant capital cost (t x 10®i 
Plant capital cost ItJkWel 

51,4 
38.9 
38. 9 
1071 
984 

Prime Cycle 

Fluidized bed temperature (°F) 


Fluid 

Potassium 

Cost of electricity imills/kWhi) 

41.0 

o ^ 

Turbine inlet temperature l B FI 

1400 

NATURAL RESOURCES 



Condensing temperature l°F) 

1100 


'j. id 

Bottoming Cycle 


Coal ilbfkWh) 

aai3 


Turbine Inlet temperature 1°F1 

1000 

Water toal/kWh) 


r ; d 

Maximum pressure (psig) 

3500 

Total 

0.79 

■; £j 

Reheat temperature 1°FI 

ICOO 

Cooling 

079 

!■“! 

Condensing pressure (in. Hg ads. ) 

1.5 

Processing 

0 

.'4 t-i 

Heat Rejection 

Wet cooling lower 

Makeup 

0 




NO x suppression 

0 



Stic*: gas cleanup 
Land (acres/100 MWe) 


0 
46 

ENVIRONMENTAL INTRUSION 



'•'AJOR COMPONENT CHARACTERISTICS 





LbN0®-Btu 


UP kWh 









Input 


Output 




Unit or Module 



so? 

1.26 


a 0096 


Size lit) 

Weight II 

lb) Cost 

Units 

Total Cost 

tfkW 

NOx 

a 319 


a 0024 

Major Component 

tWx LlorDIx HI 

(x 10®] 

1 1* x ID®) 

Required 

It X 10®) 

Output 

HC 

0 


0 

Prime Cycle 







CO 

a 249 


a 0019 

Metal vapor turbine-generator 

15 x 120 x 15 

1.31 

21.65 

2 

43.3 

39.8 

Particulates 

ai 


7. 5x nr 4 

Liquid metal dump tanks 

l?x 12 x50 

0.3 

1.19 

6 

7 1 

6.5 



BtuikVJh 









Heat to water 


3497 


Bottoming Cycle 







Heat, total rejected 


5359 


Condenser-boiler 

15 x 20 x 130 

0.20 

04JS 

5.50 

2.4 

2.2 


lirfkWh 


LbJOay 

Steam turbine-generator 

30 x 198 x 25 

6.3 

30.25 

1 

30 25 

27.8 

Wastes 




Primary Heat input Syslem 







Furnace solids 

a 143 


3.74x10® 

Furnace module 

12. 5 x 31 x 330 

5,3 

30 73 

5,5 

213.0 

195.8 

Fine dust Irom cyclones 

a 109 


£84x 10® 

High-tomparature air prehealer 

35 t 46 x 0 

0.11 

0.304 

82.5 

25.1 

23.1 

Fly ash 

a 015 


Q.39x 10® 



CO 

CTi 


Table 2.7-4 


SUMMARY SHEET 

LIQUID METAL TOPPING CYCLE BASE CASE NO. 17 

CYCLE PARAMETER PERFORMANCE AND COST 


Net power Output tMWe) 



1129 



Thermodynamic elficiency (percent) 

52.2 


Furnace and Coal Type 



Atmospheric fluidized bed 


Powerpiant efficiency (percent) 

41.5 




Illinois No. 6 
1550 



Overall energy efficiency (percent) 
Plan! capita! cost It x 10°) 

Plant capita] cost K/fcWe) 

41.5 

1216 

1076 


Prime e-yole 

Fluidized bed temperature l°F) 

Fluid 



Cesium 



Cost of electricity tmillsitWh) 

44.6 


Turbine Inlet temperature !°F) 



:tcc 



NATURAL RESOURCES 



Condensing temperature t°Ft 



1000 





Bollnmlng Cycle 






Coal tlWkWJil 

0.659 


Turbine inlet temperature PF) 



950 



Water (gal/kWhl 



Maximum pressure Ipslgi 



3500 



Total 

0.76 


Reheat tcmperalur? PF) 



950 



Cooling 

0.76 


Condensing pressure lin, Hg abs. 1 



1.5 



Processing 

0 


Heat Re{wtii'n 



Wei cooling tower 



Makeup 

0 








ND X suppression 

0 








Slack gas cleanup 

0 








LandiacresflOQMWe) 

4.4 








ENVIRONMENTAL INTRUSION 



MAJOR COMPONENT CHARACTERISTICS 



IbUO^-Blu 

Input 

Lbr’kWh 

Cutout 




Unit or Module 



S02 

1.26 

40059 


Size lit) 

Weight lib) Cost Units 

Total Cost 

MW 

NO* 

0.319 

0.0022 

Major Component 

(W x L lor D) x H! 

lx 10°) 

($ x 10°) Required 

IS x 10 6 ) 

Output 

HC 

0.0 

0.0 

Prime Cycle 






CO 

0.249 

0.0018 

Metal vapoi !iirii r 

15 x 105 x 15 

1.09 

147 2 

33.4 

29.6 

Particulates 

0.1 

7.0x 10‘^ 

Ugu Id metal dump tanks 

:? x 50 x 12 

0.3 

1. 19 10 

11.9 

10.5 


gtulkWh 








Heat to water 

3463 


Bollomlnq Cycle 






Heat, total rejected 

4810 


Condenser-boiler 

. ; x 20 x 173 

'1.25 

3.4 1 

3.4 

3.0 

LbikWh 

LhfPay 

51eam turbine-generalor 

30 1 174 x 25 

5 

24,2 1 

24.2 

2L4 

Wastes 



Primary Heal Input System 






Furnace solids 

0.134 

3.62 xlO 5 

Furnace module 

12. 5 x 31 x 330 

7.0 

32.40 5.3 

17. 19 

152.3 

Fine dust from cyclones 

0.102 

2.76x10° 

HlglHemperature air preheater 

35 s- -16 x 4 

0.11 

0. 304 SD. 1 

24.2 

21.4 

Fly ash 

0.014 

0,38 x 10 6 



Table 2.7-5 


POWER OUTPUT AND AUXILIARY POWER DEMAND 
FOR BASE CASE AND PARAMETRIC VARIATIONS; 
LIQUID METAL TOPPING CYCLE 



CASE 

NO. 

1 

2 

? 

4 

5 

6 

7 

8 

9 

10 

prime Cycle power output 


MW 

298.4 

298.4 

298.4 

298.4 

298.4 

298,4 

29(1.4 

447.7 

29B.4 

282.7 

BOTTOMING CYCLE POWER OUTPUT 


MW 

941,9 

941,9 

941.9 

941,9 

941.9 

941.9 

941.9 

1397.0 

941.9 

469,3 

FURNACE POWER OUTPUT 


MW 

0. 

0. 

0, 

1293.0 

1400.0 

1460.0 

351.0 

0, 

324.5 

197,2 

balance of plant aux, power 

RE0*0 

. MW 

29.0 

29,2 

29,4 

29,0 

29.2 

29.4 

28.4 

42,6 

29,0 

2B.4 

furnace aux. POWER REQID. 


MW 

117.3 

124,3 

134.2 

59.1 

57,8 

63.3 

47.3 

(»0,0 

76.1 

8.0 

TRANSFORMER LOSSES 


MW 

6.2 

6.2 

6.2 

12.7 

13*2 

13.5 

B.O 

9.2 

7.8 

4.7 

NET STATION OUTPUT 


MW 

1007,8 

1000.6 

1070,5 

2432.5 

2540.1 

2594.1 

1507.6 

1612.9 

1451.9 

908.1 



CA5E 

MO, 

11 

12 

13 

16 

17 

10 

prime cycle power output 


MW 

361,7 

301.8 

302,8 

307.9 

381,1 

296.3 

BOTTOMING CYCLE POWER OUTPUT 


MW 

861.5 

940.0 

926,2 

938,9 

844,5 

944.1 

FURNACE POWER OUTPUT 


MW 

0. 

0. 

0 . 

0 . 

0. 

0 . 

BALANCE OF PLANT AUX. POWER 

REO'D 

, MW 

29.0 

29.0 

29.0 

44,6 

29n0 

29.0 

furnace aux. power reoiO. 


MW 

110.8 

120.6 

123.0 

124.2 

61,7 

63.4 

TRANSFORMER LOSSES 


MW 

6,1 

6.2 

6.1 

6.2 

6.1 

6.2 

NET STATION OUTPUT 


MW 

1077,3 

1006.0 

1070,9 

1071.8 

1120,0 

1141.8 
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DISCUSSION OF RESULTS 


Major Characteristics 

The results shown in Table 2.7-1 show relatively good effi- 
ciencies; the overall energy efficiency was as high as 40.0 per- 
cent for potassium and 41.5 percent for cesium. As a consequence 
of the high efficiency, coal consumption was relatively low-as 
low as 0.80 pound of coal per kWh (100 kg/GJ) . 

Offsetting these advantages is a relatively high cost of 
electricity (48.3 and 44.6 mills/kWh for the potassium and cesium 
base cases, respectively) . This high cost of electricity is 
largely a consequence of the high capital costs ($1176/kW for the 
potassium base case) » A major contribution to capital costs was 
made by the liquid metal boilers and auxiliaries (a total of 
$196/kW for the potassium base case) . The construction time, 
estimated to be six years, also contributed heavily to capital 
cost; interest and escalation during conctruction totaled $458/kW 
for the same case. Balance-of -plant costs were $298/kW for that 
case. Balance-of -plant costs were high because of the need for 
safety provisions and a large quantity of high- temperature piping. 

Discussion 


A number of observations can be made from the results shown 
in Table 2.7-1. 

Case 12 shov/s that a regenerative feed heater in the potas- 
sium circuit offered no advantage over the potassium base case, 
which had no feed heating. There also was no advantage to 
lowering the heat input temperatures to the bottoming cycle 
(Case 13) . 

The higher temperature pressurized furnace case (Case 11) 
offered no advantage in cost of electricity over the lower tem- 
perature pressurized furnace case (Case 7) . Likewise, the higher 
temperature atmospheric fluidized bed case (Case 11) produced 
more costly power than the lower temperature atmospheric fluidized 
bed cases. The lower temperature difference between the bed and 
the potassium in Case 11 was largely responsible for the increased 
cost. 


It can be seen in Table 2.7-1 that a low cost of electricity 
was produced by those cases with pressurized furnaces using low- 
Btu gas (Cases 4, 5, and 6) . In these cases, however, about one- 
half the total plant power was produced by the expansion turbine 
downstream of the pressurized furnace. Thus, this system is 
thermodynamically equivalent to a gas turbine in parallel with a 
liquid metal topping system. The decrease in cost of electricity 
is primarily due to the lower capital cost associated with gas 
turbine systems, and does not reflect the merits of the liquid 
metal topping system. This system does not appear to warrant 
further study, as the benefit of the cycle appears to result 
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primarily from the gas turbine. Moreover, the overall energy 
efficiency was not favorable. 

The pressurized fluidized bed case (Case 9) showed the low- 
est cost of electricity, and in that case the power produced by 
the expansion turbine was 21 percent of the total plant power. 
However, the potential for pressurized fluidized bed power gen- 
eration in power generation cycles is still unproven because of 
the possibility of hot corrosion in the gas turbine that must 
operate on the products of coal combustion. The use of the tur- 
bine exhaust for feedwater heating in the bottoming system was 
not studied. Instead, it was decided for analytical convenience 
to use gas turbine regeneration so that the furnace system would 
be decoupled from the topping and bottoming cycles. The pres- 
surized fluidized bed with gas turbine regeneration can be com- 
pared with the same type furnace with gas turbine exhaust heating 
feedwater, by referring to Section 2.6, “Advanced Steam Cycle." 

This comparison shows that heating feedwater produces an increase 
in efficiency at the penalty of higher cost of electricity. 

The use of high- Btu gas in a pressurized furnace (Cases 7 
and 10) resulted in a very low overall energy efficiency as a 
consequence of the low coal conversion efficiency. 

The cesium cases (Cases 17 and 18) showed improvements in 
efficiency and cost of electricity compared with the equivalent 
potassium cases. The primary reason is the higher density of 
cesium, resulting in smaller components and more efficient heat 
transfer. In addition, the boiler recirculation power requirement 
is lower than for potassium. While cesium does have these advan- 
tages, there are some questions regarding the corrosiveness of 
cesium. Furthermore, most of the development of liquid metal power 
systems has been done so far with potassium. The use of cesium 
in this application is considered speculative at this time. 

One of the large capital cost and power consuming components 
of the furnace system is the liquid metal recirculating pump. 

When the Foster Wheeler Energy Corporation designed the boiler, 
the assumption was made that a high mass flux had to be main- 
tained within the boiler tubes to prevent hot spots or burnout. 

In addition, a large entrance flow restriction was used to assure 
uniform flow distribution. For the potassium base case, the re- 
circulation pumps added a capital cost of $36.4 million, and con- 
sinned 57 MW of power. 

It is probable that further boiler design studies could re- 
duce, or even eliminate, the need for recirculation. It is esti- 
mated that if the power and capital cost of recirculation could 
be reduced to one-half the present leyels, the potassium base 
case (Case 1) cost of electricity could be reduced by 1.8 mills/ 
kWh, and the overall efficiency could be increased by 1.0 percent. 
The effect of other degrees of recirculation may be calculated 
from these figures by proportion. For example, if recirculation 
were eliminated entirely, the above figures would approximately 
double. 
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RECOMMENDED CASE 


The disadvantages or uncertainties of cesium, pressurized 
fluidized beds, temperatures higher than 1400 F (1033 K), and 
pressurized furnaces were described above. The low overall 
energy efficiency of high-Btu gas discourages further considera- 
tion. The cases that overcome the above objections are the 
atmospheric fluidized bed cases. Of these cases, the potassium 
base case (Case 1) is the one that is considered best for further 
study. The major parameters for that case are shown in Table 


2.7-1. 
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